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The increasing demand for energy to sustain continual economy growth around the 
world has put much pressure in the search for new and abundant energy resources. 
But recent nuclear crisis in Japan has hindered advancement of nuclear power in the 
future. Hydrogen is an ideal energy carrier, clean and easy to be converted into 
electricity through fuel cells with high energy efficiency. However, hydrogen has to be 
stored and transported for its convenient applications, research on hydrogen storage 
is thus becoming an important field. 
 
In this thesis, various kinds of hydrogen storage materials were studied and a couple 
of new multi-disciplinary technologies were developed in the quest to improve the 
performance of hydrogen storage materials.   These included: 
1) NaBH4/H3BO3 hydrolysis system was identified as a promising hydrogen source 
for portable applications.  A prototype hydrogen generator based on the system 
was developed and demonstrated.  
2) MAlH4/NH4X (M= Na, Li and X = F, Cl) solid reaction system was shown to produce 
hydrogen at relatively low temperatures with high wt% H2. 
3) Ni coated honeycomb ceramic (Ni-HCM), a microwave-active composite material, 
was made. This device could be heated in microwaves with very high energy 
efficiency (> 90%) and superfast heating rate (4200 ⁰C/min). By applying Ni-HCM 
as microwave heating media and sample holder, various types of hydrides were 
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found to decompose completely, releasing their hydrogen content within a few 
minutes.  
4) Our investigation on how and why Ni-HCM can be heated so efficiently has led to 
a simple correlation between the material resistance/resistivity with microwave 
heating efficiency. We demonstrated that this simple rule can be applied to 
various metals and semiconductors.  
5) A high pressure microwave reactor was custom-designed and built. With the aid 
of the Ni-HCM, this reactor could be applied to prepare metal hydrides under 
high pressures and temperatures.  
6) Using this reactor, microwave-assisted hydride formation of the as-received 
commercial Mg powders was found to be difficult. The formation of hydride 
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Chapter 1: Scope of Thesis 
 
Hydrogen energy offers ones one of the potential solutions for the energy efficiency 
problems we are facing today. Hydrogen can be produced by various clean methods 
such as water splitting by solar or wind energy. No greenhouse gas is produced when 
hydrogen is recombined with oxygen to give water and heat. Converting hydrogen 
energy into electricity is also a feasible step via fuel cells. Presently, the main 
problem hindering hydrogen’s applications is related to difficulty in the 
transportation and storage of hydrogen. Pure hydrogen is difficult to be stored due 
to its physical properties, and its volumetric energy density is quite low. Hence, 
intensive research effort has been focused on hydrogen storage in recent years. 
 
In this thesis, a couple of new methods were developed for the purpose to improve 
hydrogen storage on various hydrides. Compared with others works in the literature, 
works done in this thesis relied on knowledge from multiple disciplines beyond 
materials sciences, included device design, electromagnetic theory, fuel cells and 
others.  Therefore, much of the results in this thesis are original and unique. 
 
Chapter 2 presents a summary of available literature on the research of on-board 
hydrogen storage. This review will provide some historical background, some 
physical data and considerations, as well as important information from previous 
research reported in the literature. It sets the tone for subsequent chapters. 
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In Chapter 3, a list of solid acids was evaluated for NaBH4 hydrolysis and the 
NaBH4/H3BO3 system was found to be the best candidate. This system could release 
more than 5.23 wt% H2 practically, which is much higher than the conventional 
stabilized NaBH4/catalyst system (2.9 wt% H2). On the basis of this NaBH4/H3BO3 
system, a simple prototype hydrogen generator was constructed. The device allows 
the control of hydrogen production automatically with no moving parts, and 
produces hydrogen on demand. This novel hydrogen generator prototype has been 
demonstrated to the public in several local exhibitions.  
 
Chapter 4 discusses the solid reactions between alkali aluminum hydrides (MAlH4, M 
= Li or Na) and NH4Cl.  We demonstrated that the mixtures in solid state can react 
under mild conditions and release respectively 5.6 wt% H2 for the NaAlH4/NH4Cl 
system and 6.6 wt% H2 for LiAlH4/NH4Cl. The kinetics and mechanisms of the solid 
reactions were discussed in this Chapter.  
 
In Chapter 5, we attempted to utilize microwave heating and developed a 
microwave-active composite construct, i.e. Ni thin layer on honeycomb ceramic 
monolith (Ni-HCM).  Ni-HCM can be heated by microwaves spectacularly (~ 4200 
⁰C/min) and efficiently (> 90%). By applying this system to the decomposition of 
hydrides, various hydrides were found to release their hydrogen contents in minutes 
under microwaves, while conventional methods will need a few hours or more.  
 
As a follow-up chapter, the mechanism of microwave heating of metal thin layers 
and powders was investigated in Chapter 6. When we tried to understand the reason 
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behind efficient heating under microwaves, we found that a rule-of-thumb based on 
material resistance can be used to quickly decide whether a material can be heated 
efficiently under microwaves. We postulated that the efficiency of microwave 
heating can be related empirically to the resistance/resistivity of the material 
concerned. 
 
In Chapter 7, a pressurized microwave reactor was designed and built.  By using the 
composite materials developed in Chapter 5, we were able to perform the hydrogen 
charging/discharging on metals at high pressures and high temperatures under 
microwaves in this reactor. Initial tests using the device showed that direct hydrogen 
charging of as-received Mg powders was not feasible. However, a quick annealing-
charging tandem method was developed, so that hydrogen can be charged to Mg 
easily under microwaves.   
 
In the last chapter, an overall conclusion and some future outlooks on the topic of 
hydrogen storage were presented and discussed.  
Chapter 2:  Literature Review 
- 4 - 
 
Chapter 2:  Literature Review 
 
2.1 Introduction 
Along with the current trend of globalization and economic growth, people and 
goods transport increasingly massively and frequently from one place to another. 
Transport sector used almost 60% of the world’s oil consumption, or more than 
one-third of our primary energy consumption is used to transport people and goods 
worldwide. Today, there are more than 800 million vehicles in use around the world, 
and the number is expected to increase to 2 billion by 2050.  Such human’s activities 
have changed the global climate, and global warming seems evidently unavoidable. 
In order to reduce energy consumption and greenhouse gas emission, it is crucial for 
us to maintain sustainable development of our future growth.  
 
Thus, research into increasing the efficiency and reducing emission of vehicles has 
attracted much attention recently. Currently, almost all vehicles are using fossil fuels 
via internal combustion engine (ICE). No matter how efficient the ICE engine is, there 
is a limitation of efficiency (around 45%) according to Carnot Cycle prediction. 
Hydrogen, on the other hand, is an energy carrier with higher efficiency and cleaner 
output, it suitable for future carbon-free automotive applications. Combined with 
proton exchange membrane (PEM) fuel cell (FC) technology, hydrogen can be 
converted into water by reacting with oxygen with a much higher efficiency (> 60%) 
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than that of ICE (< 40%). For example, commercially available Honda’s FCX-clarity car 
can have 240 mile drive range with only 3.92 kg of hydrogen [1].  
 
However, there are some special requirements for hydrogen storage in on-board 
applications on vehicles. It is technologically much more challenging than stationary 
hydrogen storage.  
 
2.2 Properties of Hydrogen 
Hydrogen is the lightest and most abundant chemical element in the known 
Universe, constituting roughly 74 % of the total chemical elemental mass [2]. Figure 
2.1 shows the volumetric and gravimetric energy densities of different materials. It 
could be found that hydrogen’s energy density is the highest by weight (143 MJ/kg), 
but is quite low by volume even in the liquid form (10.1 MJ/L). Hydrogen is difficult to 
be compressed into liquid form due to its low critical temperature (32.79 K) and its 
low liquid’s density (0.0708 kg/L at its melting point or 14.01 K). Naturally, there is no 
occurrence of pure hydrogen in nature on earth; all hydrogen is stored in compounds 
such as water and organic compounds.  
 
At high pressure, hydrogen can penetrate into the interstitial sites of metal atoms, 
resulting in embrittlement of metal, which is called hydrogen embrittlement [3, 4]. 
Hence, metals cannot be used as container for high pressure hydrogen devices.  
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Figure 2.1 – Energy densities of different materials. 
(http://en.wikipedia.org/wiki/Energy_density) 
 
Various hydrides [5, 6] and compounds have much higher volumetric hydrogen 
density than that of pure hydrogen. For example, the hydrogen density is 0.110 Kg/L 
for MgH2, 0.099 Kg/L for LiH and 0.124 Kg/L for LiBH4 [7], while density of liquid 
hydrogen is only 0.0708 kg/L (14.01K). Thus, it will be possible to reduce storage 
volume tremendously by storing the same amount hydrogen in hydride compounds 
for on-board hydrogen utilization. 
 
2.3 DOE Target for On-board Hydrogen Storage System 
The US Department of Energy (DOE) has set targets for on-board hydrogen storages. 
For hydrogen storage system (not the hydrogen storage materials), the targets were 
as shown in Table 2.1 based on 5 kg Hydrogen storage system.  
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Table 2.1 – DOE targets for different years (based on a 5 kg H2 storage system). 
Storage Parameter Year 2005 Year 2010 Year 2015 
Gravimetric Capacity, kWh/kg 1.5 2.0 3.0 
Specific Energy, kg H2/kg system 0.045 0.060 0.090 
System weight, kg 111 83 55.6 
Volumetric Capacity, 1.2 kWh/L 1.2 1.5 2.7 
Energy Density, kg H2/L 0.036 0.045 0.081 
System Volume, L 139 111 62 
Storage System Cost, $/kWh 6 4 2 
System Cost, Dollar 1000 666 333 
Refueling Rate, kg H2/min 0.5 1.5 2 
Refueling Time, min 10 3.3 2.5 
 
The 2005 targets were not achieved, and therefore revision of targets was made in 
year 2009. Now in 2010, only two kinds of hydrogen storage system could meet the 
DOE targets. One is metal framework 177 (MOF-177) [8, 9], which exceeds 2010 
target for gravimetric capacity. The other is cryo-compressed H2 system (CcH2) which 
exceeds more restrictive 2015 targets for both gravimetric and volumetric 
requirements [10, 11]. There are still many challengers for large-scale production, 
and on-board hydrogen storage system still has a long way to go.   
 
2.4 Physical Hydrogen Storages 
Hydrogen can be stored in pure states such as compressed gaseous hydrogen, liquid 
hydrogen and cryo-compressed gaseous hydrogen. Hydrogen can also be stored by 
adsorption on high-surface-area materials under high pressure and low temperature 
(cryoadsorption). In physical adsorption process, there is no chemical bond (covalent 
and ionic interactions) between hydrogen and the host compounds. There are 
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different kinds of physical hydrogen storage systems, some of which are listed below 
and will be elaborated in the following sub-sections:  
1) CGH2 (compressed gaseous hydrogen), 350 - 700 bar, room temperature.  
2) LH2 (liquid hydrogen), 1 – 10 bar, ~ -253 °C.  
3) CcH2 (cryo-compressed hydrogen), 250- 350 bar, > -253 °C.  
4) Cryo-adsorption on high-surface-area materials, 2 – 5 bar, ~ -193 °C.  
5) Glass Microspheres and Glass Capillary Arrays. 
 
2.4.1 Compressed Gaseous Hydrogen 
Although gravimetric energy density of hydrogen is the highest (143 MJ/kg), its 
volumetric energy density is quite low (10.1 MJ/L). It is obvious that, in order to 
reach higher volumetric energy density of hydrogen, pressure has to be increased 
and system volume has to be reduced. 
 
For a typical drive range of ~500 km for a passenger car, 5 to 6 kg of hydrogen is 
needed to be stored on-board. Due to limited space available in the vehicle, high 
pressure can be used to reduce the hydrogen tank’s volume. Currently, there are two 
widely used pressurized systems, 350 and 700 bar. At 700 bar, about 30 % more 
hydrogen can be stored in the same volume than that at pressure of 350 bar. 
Pressure more than 700 bar is not worthwhile since deviations from the ideal gas 
behavior at such pressure are too large, such that the increased demands on the 
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pressure container are not justifiable by the relatively small increase in hydrogen 
content.  
 
Because of the embrittlement of metal under high pressure of hydrogen, liner of 
CGH2 container cannot be made of metal. In a high pressure hydrogen tank, high 
molecular weight polymer is used as liner to act as gas permeation barrier, 
light-weight high-strength carbon composites shell is applied to the outer polymer 
layer as structural material, and metal is used as impact resistant outer shell to 
prevent damage of the inner stricter (polymer layer and carbon composite layer). The 
outmost structure was built by foam as a further impact protection layer. Typically, a 
700 bar three-vessel carbon composite unit with 4.2 kg of hydrogen weights 135 kg, 
while weight of a similar steel system would be 600 kg. Figure 2.2 gives the drawing 
of a typical compressed hydrogen vessel design [12].  
 
There has been a concern that much energy is used to compress hydrogen from 
ambient conditions to high pressure states. Practical mechanical energy used for 
compressing hydrogen to 700 bar and 350 bar are approximately 18 MJ/kg and 14.5 
MJ/kg respectively [13]. Compare the energy stored in hydrogen, i.e. 143 MJ/kg H2, 
the mechanical energy used is still beneficial!  
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Figure 2.2 – Compressed gaseous hydrogen vessel from Quantum Technologies, Inc., 
Irvine, USA [12]. 
 
The energy density for the optimal one-vessel hydrogen tank is about 0.048 kg H2 per 
kg tank weight and 0.023 kg H2 per Liter tank volume. CGH2 tank system has the best 
overall technical performance to date, and has the highest maturity for automotive 
applications. With the quick-fill nozzle technology, it is feasible to refill an empty 
CGH2 system completely within three minutes. Presently, the 700 bar CGH2 
technology is established as the benchmark for all competing conventional and 
alternative storage systems.  
 
2.4.2 Liquid Hydrogen 
It is obvious that converting hydrogen from gas to liquid can increase its volumetric 
density. As shown in Figure 2.3, the volumetric density of hydrogen in liquid state (1 
bar, 20 K) is around 80% higher than that in 700 bar and room temperature.  
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Figure 2.3 – Volumetric hydrogen densities on a material basis [14]. 
 
As the critical temperature of hydrogen is very low (32.79 K), LH2 system needs to be 
maintained at even lower temperature such as 20 K. Due to the huge temperature 
difference between environment and the system, good thermal isolation is needed. 
Even with the state-of-art engineering and materials, 100% prevention of heat 
transfer from environment to LH2 is impossible. As a consequence, pressure inside 
the vessel increases due to the evaporation of hydrogen, and after certain period 
when pressure inside the tank is higher than maximum designed pressure of the LH2 
system, hydrogen has to be vented. The period of time from putting a vehicle into an 
idle or parking mode to venting of hydrogen is known as dormancy period, which is 
typically around 3-5 days. The hydrogen vented to environments after that point is 
called boil-off gas. These losses are significant and should be reduced as much as 
possible. 
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Cryogenic tank needs highly insulating material to minimize heat ingress. To minimize 
radiation heat transfer, multilayer insulation (MLI), also called superinsulation, is 
often used. MLI consists of 30–80 layers of low-emissivity radiation shields. 
Considering the heat conduction effect of MLI, the optimized number of layers is 
around 40 [15]. Another important issue to minimize heat ingress is to reduce the 
surface to volume (S/V) ratio. As the cryogenic tank needs to be fitted into a vehicle, 
complex shape is better for space saving but this would increase the S/V ratio and 
result in worsen thermal performance. Figure 2.4 shows the typical structure of a 
LH2 tank.  
Figure 2.4 – Structure of a typical LH2 tank system (from Company Linde). 
 
A well-insulated LH2 vessel itself can have very long dormancy period. But such 
vessels have to be connected to other devices to work such as filling device and fuel 
cell that are operating at ambient temperature. Hence there are many 
channels/ways that heat can transfer from the environment to the vessel such as: (1) 
via thermal conduction though pipes cables and mountings, (2) via convection and (3) 
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via thermal radiation; where effects 1 and 3 are dominate. The phase-change 
enthalpy of hydrogen between liquid and gaseous state is about 0.45 MJ/kg, which 
also makes evaporation easily.  
 
Another drawback of LH2 system is the cooling-down losses during refilling of 
hydrogen at the fuel station. The complete transfer line between the stationary LH2 
reservoir and the vehicle tank system have to be maintained at about 20 K, therefore 
much energy and infrastructure have to installed for such purpose. These losses, 
although can be minimized within current technologies, they still remain significant 
drawbacks. Thus, many car manufacturers seem to have less interest in LH2 system 
than the 700 bar CGH2 system. The on-board (boil-off) and infrastructure-related 
hydrogen losses, complexity and cost of cryogenic LH2 tanks are among the reasons. 
One additional drawback is that around 30% of the chemical energy stored in 
hydrogen has to be used to liquefy hydrogen. 
 
2.4.3 Cryo-compressed Hydrogen 
To exploit the advantages and avoid the disadvantages of LH2 systems, introducing 
high pressure and maintaining the system at low temperatures are possible solutions. 
Cryo-compressed Hydrogen system (CcH2) is thus invented to store hydrogen at high 
pressures (e.g. 350 bar) and cryogenic temperatures (above 20 K). It can store more 
hydrogen in the same volume with far greater thermal endurance than that of CGH2 
system. It can also withstand much longer dormancy period than that of LH2 system, 
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therefore hydrogen loss is much lesser than that in LH2 system. CcH2 system also has 
the advantages of essentially eliminating evaporative losses and easy transfer of 
hydrogen from fuel station to vehicles. Compared with cryo-adsorption on 
high-surface-area materials systems, CcH2 system does not have the additional 
weight and cost of the hydrogen absorbent materials for similar system volume and 
weight. Car manufacturer BMW [16] has built generation-2 cryogenic capable 
pressure vessel for automobiles that can fulﬁll automotive requirements on system 
performance, life cycle, safety and cost (Figure 2.5). Such cryogenic pressure vessels 
can be fueled with CGH2, LH2 or cryogenic hydrogen at elevated supercritical 
pressure (cryo-compressed hydrogen).  
 
Figure 2.5 – Structure of BMW generation-2 cryogenic capable pressure Vessel [16]. 
 
Furthermore, Lawrence Livermore National Laboratory in USA has built a 
generation-3 system which can store 151 L hydrogen, with a total system volume of 
235 L and weight of 145 kg. It can store 10.7 kg of LH2 at 1 bar, or store 2.8 kg CGH2 
at 4000 psi (275.8 bar) and 300 K. When filled with LH2, the system has a volumetric 
hydrogen density of 44.5 kg/m3 (1.5 kWh/L) and a gravimetric density of 7.1 wt% (2.3 
Chapter 2:  Literature Review 
- 15 - 
 
kWh/kg). The cryo-compressed storage system has the potential of meeting the 
ultimate target for system gravimetric capacity and the 2015 target for system 
volumetric capacity. This system is very promising to be commercialized in the future.  
 
2.4.4 Cryo-adsorption on High-surface-area Materials 
Many materials such as carbon can absorb hydrogen; therefore using materials to 
absorb hydrogen can be a way of hydrogen storage. Adsorption is a borderline 
situation between chemical and physical storage. Most of the absorbents only have 
relatively weak interactions with hydrogen so that hydrogen is absorbed onto the 
surface of absorbents as a whole molecule. As only weak interaction is involved, 
hydrogen release from the absorbent can be carried out in ambient conditions or 
much lower temperatures. However, the gravimetric percentage of hydrogen on 
absorbent is typically too small for on-board applications. Therefore cryogenic and/or 
pressure system is needed to increase the storage capacities, so that significant 
increase in the storage capacity can be reached at liquid nitrogen (LN2) temperature 
and several MPa.  
 
In general, the hydrogen uptakes by absorbents depend on specific surface area 
(SSA), the pore structure and pore size of the absorbents. For physical adsorptions, 
gas molecules normally attached to the absorbents’ surface within a few layers, so 
that absorbents with larger SSA have more areas for gas molecules to attach. Ideal 
pore size for hydrogen adsorption is in the micropore range, i.e. with diameters 
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below 2 nm to 1 nm. Materials with larger pore diameters commonly do not absorb 
large quantity of hydrogen since the adsorption bonding enthalpies of hydrogen 
molecules are too weak to retain hydrogen.  
 
Comparative research on the dependence of storage capacities of different 
absorbents generally suggests that hydrogen uptake capacities were roughly 
proportional to SSA [17-20], with a proportionality constant of 1.9×10-3 wt% gm-2 
that was calculated for -196 ÕC and saturated value of Langmuir equation (around 
several MPa) [17]. When pressure is 1 bar and temperature is -196 ÕC, the 
proportionality constant is roughly about 1.3×10-3 wt% gm-2. It should be noted that 
SSA measurements in most reports refer to the BET method, which were performed 
using liquid N2 (LN2). Since hydrogen molecule is smaller than nitrogen molecule, the 
SSA results may be misleading. Micropores which may be optimal for hydrogen may 
not be accessible for nitrogen, and the test results using LN2 may not be applicable 
for hydrogen. To minimize the difference, high pressure (about 20 bar) is needed and 
pressure larger than 100 bar is preferred.  
 
From scientific viewpoint, cryo-adsorption is simple and only need LN2 for cooling 
down; while from engineering viewpoint, it is not so practical. The heat of adsorption 
is in the range of 2 to 5 MJ/kg of H2, and an on-board hydrogen storage needs to 
store ~6 kg of hydrogen each time. Hence around 12 to 30 MJ heat has to be carried 
away from such system only for adsorption process, and this enormous amount of 
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heat could only be compensated by the evaporation of LN2. The heat of evaporation 
of LN2 is 5.6 kJ/mol (200 kJ/kg N2), thus 60 to 150 kg of N2 is needed to cool the 
system. Suppose a typical cryo-adsorption system adsorbs 5 wt% of H2, which means 
the absorbent has a weight of 114 kg onboard. This amount of absorbent also needs 
to be cooled down during cryo-adsorption, and an enormous amount of LN2 will be 
needed just to do the cooling. The extreme large quantity of LN2 required for cooling 
results in severe engineering and cost challengers for automotive applications.  
 
In the following sub-sections, various examples of absorbent materials are discussed. 
 
2.4.4.1 Zeolites 
Zeolites are classical porous materials. Conventional zeolites refer to alumosilicates, 
but nowadays other compositions such as aluminophosphates are also included in 
zeolites groups. Zeolites have well defined pore structures which are easy to be 
characterized and chemically modified. The pore sizes of zeolites almost equal to the 
size of hydrogen molecules, and the hydrogen adsorption energies in the narrow 
pores are very low, so that crystalline microporous framework appears in principle to 
be highly suitable for hydrogen adsorption [21-23]. Early study on the zeolite 
adsorption of hydrogen was published in 1977 [24], and Weitkamp et al., used A-type 
zeolite as hydrogen storage media first at 1995 [25]. Early work on hydrogen uptake 
by zeolites at high temperatures was carried out in 1977 in which 0.6 wt% was 
measured for Cs-A zeolite at 573 K and 971 bar [24]. At room temperatures and 700 
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bar, 1.2 wt% H2 was reported for Na-A zeolite [26]. For cryo-temperature, it was 1.2 
wt% H2 on Na-X zeolite at 77 K and 0.6 bar [27]. 1.5 wt% H2 of hydrogen uptake and a 
capacity of 172 cm3 (STP)/g were reported recently [28] (STP = standard conditions 
for temperature and pressure). All these results have shown that hydrogen uptake by 
zeolites is not so promising. The highest micropore volume of zeolites to date is 
ITQ-33 [29], which has a pore system of 0.37 cm3/g predicted for the pure silica 
polymorph. If ITQ-33 is fully filled with liquid hydrogen, the storage capacity would 
be only about 2.5 wt%, which is far below the DOE targets for on-board systems. 
 
2.4.4.2 Carbon Materials 
There are numerous studies in the literature on carbon materials for hydrogen 
storage. Various carbon forms have been used such as active carbon from different 
origins, single- and multi-walled carbon nanotubes (CNT), nano-horns [30] and 
carbon cloth [31]. Modified carbon material [32] and doped carbon materials [33] 
were also intensively studied. There were very high capacities values reported in the 
first few reports on CNT but it is now widely agreed that these results are due to 
experimental errors. Similar situation happened to graphite nano-fibers (GNFs) 
[34-36] but more consistent data were published now. Thomas [18] has summarized 
results from many different groups, and concluded that the storage capacities of 
carbon materials are proportional to SSA with proportionality constants ~ 1.3×10-3 wt% 
gm-2. Thomas also compared data of different carbon materials at temperature 77 K 
and found that hydrogen densities uptake in most of the carbon materials were less 
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than that of liquid hydrogen (0.0708 g cm-3 at 14.01 K).  
 
Hydrogen capacity could be improved with various dopants on the carbon materials. 
Simulation results showed that doping with Ti could achieve 7 wt% [37] or even 8 wt% 
[38] on single-wall CNT (SWNT), but there has not been experimental result to 
substantiate these simulation results yet. Cryo-adsorption of hydrogen on carbon 
materials seems highly unlikely to reach technically relevant values.  
 
Graphene is another new allotrope of carbon materials that has been tested for 
hydrogen storage. It consists of one-atom-thick planar sheets of sp2-bonded carbon 
atoms that are densely packed in a honeycomb crystal lattice. Ghosh et al. reported a 
high capacity of 3 wt% at 298 K and 100 bar [39] for graphene. Elias et al. observed 
the hydrogenation of graphene to graphane [40], and fully hydrogenated graphene 
would yield the stoichiometry CH with a storage capacity of 7.7 wt% [41, 42]. 
Simulations and calculations predicted that metal coved graphene surface (both 
sides) could yield high wt% H2 uptake. Li-covered graphene is possible to reach 12.8 
wt% [43] and Al-covered graphene is able to reach 13.79 wt% [44, 45]. Yet, these 
predictions need to be confirmed by experimental results.  
 
2.4.4.3 Metal-Organic Frameworks (MOFs)  
Metal-organic frameworks (MOFs) are a class of porous materials constructed by 
coordinate bonds between multi-dentate ligands and metal atoms or small 
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metal-containing clusters. A remarkable feature of MOFs is their variable and 
versatile building blocks. MOFs can thus be constructed to have very large surface 
areas, high porosities, uniform and adjustable pore sizes and well-defined hydrogen 
occupation sites [46]. These merits make MOFs the ideal materials for hydrogen 
storage.  
 
Hydrogen storage on MOFs was initially investigated by Yaghi and co-workers, who 
reported a high hydrogen uptake of 4.5 wt % on MOF-5 at 77 K and ~ 0.1 MPa [47]. 
This work stimulated more studies on MOFs for hydrogen storages. There were 
thousands of research papers on different MOFs on hydrogen uptake, but the data 
were substantially scattered partly due to the different conditions applied. Further 
studies of Yaghi and co-workers [48] on various MOFs showed that saturated 
hydrogen adsorptions on different MOFs scale well with their Langmuir surface areas 
with a proportionality constant of ~ 1.1×10-3 wt% gm-2.  
 
Very high hydrogen uptake of more than 6 wt% was reported on different MOFs. 
Yaghi group synthesized isoreticular MOF-2O which absorbed 6.7 wt% H2 at 77 K and 
80 bar [48]; MOF-177 which has a Langmuir surface area of 5640 m2/g can store 7.5 
wt% H2 at 77 K and 70 bar [8, 9, 49]. Fully activated MIL-101 has even larger 
Langmuir surface area (5900 m2/g) than that of MOF-177. The storage capacities of 
MIL-101 at 77 K are 3.75 wt% at 20 bar and 6.1 wt% at 80 bar respectively [50, 51]. 
Although these MOFs have high gravimetric densities, they have low bulk densities 
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and therefore low volumetric capacities. MOF-177 has 7.5 wt% H2 uptake at 77 K and 
70 bar, while at such situation, its volumetric capacity is 32 g/L [9, 48]. For MIL-101 
with 6.1 wt % at 77 K and 80 bar, its volumetric capacity is 26 g/L [51]. The highest 
reported volumetric uptake was 66 g/L, which was achieved on MOF-5 at 77 K and 
100 bar [52]. These values at cryogenic conditions are all lower than the density of 
liquid hydrogen (70.8 g/L); the volumetric hydrogen densities are expected to be 
even lower at room temperature. It is clear that one way to increase the gravimetric 
density of hydrogen uptake is to increase the interactions between hydrogen and the 
adsorbent, and maintaining the volume at the same time. At current stage, MOFs are 
not fit for on-board hydrogen systems. 
 
2.4.4.4 Covalent Organic Frameworks 
Similar to MOFs, covalent organic frameworks (COFs) have large surface areas, pore 
volumes and rigid structures, and are able to store hydrogen with lighter weight. 
COFs are constructed from light elements (H, B, C, N, and O) that form strong 
covalent bonds [53].  
 
Early investigations on 2-D COFs showed that their hydrogen uptakes were not so 
high. COF-1 yielded 1.28 wt% at 77 K and 1 bar [54], and COF-5 3.4 wt% at 77 K and 
50 bar [55]. Both COF-18 Å and triazine-based COF [56, 57] gave hydrogen uptake of 
1.55 wt% at 77 K and 1 bar. Higher hydrogen uptake could be obtained on 3-D COFs 
than that on 2-D COFs, since 3-D COFs have higher surface area and more free 
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volume. Cooper and co-workers [58] have reported 1.7 wt% in COF-102 at 77 K and 1 
bar recently. There were many simulation works on hydrogen uptakes on 3-D COFs 
and their results were quite high. 10 wt% for COF-108 at 77 K and 100 bar was 
reported [55] and an extraordinary 21 wt% also reported by multi-scale theoretical 
approach simulations [59]. Due to limited reports on 3-D COFs’s hydrogen uptake, 
these simulation results still need to be verified by experimental works.  
 
2.4.4.5 Hollow Glass Microspheres and Glass Capillary Arrays  
Glass in general has higher tensile strength and lower density than that of steel, and 
in principle is good container material for hydrogen storage. Teitel first proposed to 
use hollow glass microspheres (HGM) as hydrogen storage material in 1981 [60]. 
HGM with approximately 1 - 200 micro diameters and wall thicknesses of 1.5 micron 
or less are considered as viable container [61, 62] for hydrogen. Due to its small size, 
HGM can withstand high pressure with thin wall, so that it can pack more hydrogen 
in high pressure with less weight.  
 
Commonly, HGM stores hydrogen at high temperatures and high pressures to allow 
hydrogen to diffuse through the glass walls of HGM with sufficiently fast speed. 
Similarly, hydrogen releasing from HGM needs high temperatures, otherwise very 
slow kinetic is expected. The slow kinetic and high temperature for hydrogen release 
could be solved by using Infrared (IR) radiation [63]. In order to absorb IR efficiently, 
dopants have been studied to enhance the out-gassing response [63, 64]. 
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Capillary arrays have been developed as a new material for hydrogen storage recently. 
Compare with randomly packed HGM, capillary arrays can be fabricated with nicely 
packed and uniform shape and size to increase hydrogen loading [65]. Its packing 
density can be slightly over 60% [66]. Another advantage is that capillary array can be 
easily heated by normal method or IR radiation. Also, the amount of hydrogen stored 
in each individual capillary is very small such that this significantly reduces safety 
concern of hydrogen in case of improper handling and in accidents. It was calculated 
that theoretical gravimetric hydrogen density of capillary arrays could reach 20 or 
even 30 wt% [61]. 
 
In summary, hydrogen storage systems based on physical adsorption are all in 
laboratory research stages while their gravimetric and volumetric hydrogen densities 
are still far away from practical applications. Storage of pure hydrogen in different 
technologies seems to be more feasible than cryo-adsorption storages. Among the 
CGH2, LH2 and CcH2 systems, CGH2 with 700 bar system is by far the best system 
presently and CcH2 system is the state-of-the-art technology that would be very 
promising in the future. Currently, CGH2 storage system coupled with hydrogen ICE is 
being used in Europe countries especially in northern Europe. 
 
2.5 Hydrides as Chemical Storage of Hydrogen 
2.5.1 Hydrolytic Systems 
In general, a metal could be used as a hydrogen storage system if its redox potential 
Chapter 2:  Literature Review 
- 24 - 
 
is below that of the H+/H2 system at the corresponding pH. Hydrogen is released 
when such metals react with water or acid solution to become metal hydroxides or 
oxides. For example, Mg reacts with water to produce hydrogen and Mg(OH)2. There 
are many metals which can directly react with water such as Li and Na. Al can directly 
react with water theoretically, but due to the AlO3 dense layer deposited onto its 
surface, Al cannot react with water even at high temperatures.  
 
Compared to metals, metal hydrides react with water to produce hydrogen not just 
from water but also from the hydride itself, thus high storage capacity can be 
achieved. For example, Mg reacts with water and produces only 4.72 wt% hydrogen. 
MgH2, on the other hand, produces 9.02 wt% H2 when it reacts with water, although 
the hydrogen content in MgH2 is only 7.6 wt%. To reach high wt% of hydrogen, light 
metal hydrides and complex hydrides are preferred as the hydrolytic systems. A 
survey on some attractive hydrolytic systems has been published [67].  
 
However, hydrolytic systems have several drawbacks. Firstly, the resultant metal 
hydroxides may complex with water easily. For example, NaBH4 reacts with water to 
produce NaBO2. But in real situation, it is the NaBO2∙xH20 that is formed. In such 
cases, the releasable hydrogen content of the whole system dropped. Secondly, 
hydrolytic systems cannot be re-generated on-board, and spent chemicals need to be 
replaced with fresh chemicals. Sometimes, spent chemicals need to be re-generated 
off-board via energy intensive industrial processes. Thirdly, hydrolytic systems are not 
Chapter 2:  Literature Review 
- 25 - 
 
easy to control since solid products could lead to severe engineering problems such 
as crust or sludge formation.  
 
NaBH4, especially the catalyzed NaBH4 systems, were among the most extensively 
studied hydrolytic systems. It has been known since more than 50 years ago that 
NaBH4 reacts with water in ambient conditions to produce hydrogen [68]. Based on 
the simplest stoichiometric reaction in Equation 2.1, the storage capacity of NaBH4 
hydrolytic systems is 7.3 wt%. If water produced by fuel cell can be cycled back to 
react with NaBH4 again, the storage capacity can reach 21.3 wt%. 
NaBH4 + 2H20 = NaBO2 + 4 H2                 (2.1) 
In catalyzed systems, NaBH4 is stabilized and stored in water using bases such as 
NaOH. NaBH4 is reasonably stable in alkaline aqueous solution and can be stored in 
ambient conditions without additional precautions apart from the alkalinity. When 
hydrogen is needed, NaBH4 is then reacted with water over a catalyst. There are 
several advantages of NaBH4 hydrolytic systems, for example: (1) No PEM-FC 
poisoning gas such CO will be present in the elute gas flow. The only product is 
moisturized hydrogen which is preferred by PEM-FC. (2) The reaction is exothermic 
so that no heating is needed, and therefore can be used in cold environment such as 
winter. A US company Millennium Cell had commercialized a device based on 
NaBH4/NaOH/catalyst system. Their system used 25% NaBH4 in 2% NaOH water 
solution, which was pumped over a ruthenium based catalyst to release hydrogen 
when needed [69]. 
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There are several problems for this system, however. NaBO2 will form complex 
compounds with water, i.e. NaBO2∙xH20. Therefore effectively more water is needed 
for the reaction. If a high NaBH4 concentration is used, NaBO2∙xH20 will form crystals 
and its sediment will block the catalyst surface from fresh NaBH4 solution.  
 
Current research on NaBH4/NaOH/catalyst system mostly focuses on the catalyst 
used. Hundreds of papers have been published on the development of non-precious 
metals (Ni and Co etc.) catalysts to replace Pt and Ru etc. [70]. NaBH4 powder can 
also be mixed with powder acid compounds such as citric acid and the mixtures can 
release H2 when contact with water. There are few papers on this topic [71]. This is 
also our subject in Chapter 3. 
 
NaBH4 hydrolysis system has been used as the prototype hydrogen generator in 
Chrysler Voyager car. Based on its trail application, NaBH4 system does not seem to 
be a good candidate for large scale application. For niche applications such as 
portable devices, this system is still useful.  
 
2.5.2 Metal Hydrides 
In these systems, hydrogen can be discharged/charged on-board by heating 
according to Equation 2.2, where M is a metal or an alloy. 
M + x H2 ←→ MHx       (2.2) 
For metal hydrides such as LiH and MgH2, it has been proposed that hydrogen atoms 
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are located at the interstitial sites of metal. This postulate is useful to explain how 
hydrogen penetrates into metals and would lead to a wide range of 
non-stoichiometry and other problems [72]. Since the number of interstices in a 
metal or metal alloy is much larger than the typical number of hydrogen atom stored, 
the hydrogen uptake capacity would increase several times if most of the interstices 
could be occupied. But there has not been report on observation of such 
phenomenon.  
 
One typical alloy for hydrogen storage is the AB5 compounds, of which LaNi5/LaNi5H6 
is an example. It has hydrogen content of ~1.4 wt%, and its equilibrium pressure is 
around 2 bar at room temperature [73]. The high price of Lanthanum and the low wt% 
H2 stored in LaNi5 alloy make LaNi5 unattractive for on-board systems. Hydrogen 
storage systems of AB2 type alloys (A = Ti, Zr, Mg; B = V, Cr, Fe, Mn) have low wt% H2 
(max 2 wt%), and their hydrogen equilibrium pressures are not high enough for fuel 
cell application.  
 
In order to increase the wt% H2 on metal hydrides, it is better to use light metal such 
as Li, Na, Mg and Al to form hydrides. For example, LiH contains 12.5 wt% H2 [74], 
MgH2 has 7.6 wt% H2 [75] and AlH3 has 10 wt% H2 [76]. Although these hydrides have 
high hydrogen content and can be regenerated, very high temperature is needed for 
them to release hydrogen and this makes them impossible for on-board hydrogen 
storage. Their dehydrogenation kinetics are low and commonly in the order of a few 
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hours [77]. Typical methods to reduce hydrogen release temperature are to dope the 
metal hydrides with other materials such as salts, and/or to ball mill them into 
nano-sizes. However, these methods will decrease the wt% H2 of systems and the 
nanoparticles are generally unstable and tend to aggregate within themselves. 
Moreover, much energy is needed to carry out the doping and make the hydrides 
into nanoparticles.  
 
MgH2 is promising as an on-board hydrogen storage, as Mg is cheap and safe, and its 
hydrogen content is high with good reversibility [78]. MgH2 has the highest energy 
density (9 MJ/kg) of all reversible hydrides applicable for hydrogen storage. The main 
disadvantages of MgH2 as hydrogen storage are the high decomposition temperature 
(> 300 ⁰C), slow desorption kinetics [79, 80] and high reactivity towards air and 
oxygen. The adsorption probability of a H2 molecule on Mg surface is only 10−6 [81] 
and the electronic surface properties of magnesium do not favor H2 dissociation [82]. 
Another difficulty is that Mg surface is easily oxidized, and the oxide layer could be a 
huge barrier for hydrogen adsorption and penetration into Mg bulk [83-85]. Much 
efforts in recent years have focused on reducing the desorption temperature and 
improving the re/dehydrogenation rates in Mg-based hydrides. Common methods to 
reach the above targets include ball-milling to change the microstructure of the 
hydride, doping Mg in order to reduce the stability of the hydride, or using proper 
catalysts to improve the absorption/desorption kinetics [86]. A list of modified 
Mg-based hydrides has been summarized in the literature [73]. Among the various 
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Mg-based hydrides, Mg-Ni based compounds have received much focus. Mg2NiH4 
has 3.6 wt% H2, it is low cost, light weight and has low toxicity [87]. Dehydriding 
temperature for Mg2NiH4 is around 250 – 300 ⁰C [88-90]. MgNi2 prepared by 
ball-milling was found to react with hydrogen even at room temperature [91]. By 
mechanical alloying of Mg and Mg2Ni, the nanocrystalline Mg2Ni intermetallic 
compounds can absorb hydrogen rapidly without activation. The Mg + Mg2Ni 
composites need to be activated first, but once activated, they absorb hydrogen 
much faster than Mg2Ni at low temperatures and low pressures (150 ⁰C and 12 bar) 
and has 5.2 wt% H2 [92]. Pd doped nano-sized Mg2Ni can have much faster 
absorption kinetics at 200 ⁰C [89]. 
 
Besides conventional methods, ball-milling can also be used to improve 
hydrogenation of Mg under hydrogen pressure [92, 93]. Recently, Zhang and 
co-workers approached the problem non-conventionally by using microwaves. In 
their method, as-received MgH2 (~80 micron) was fully decomposed within a few 
minutes with great energy saving [94]. 
 
Another promising material is AlH3. Its decomposing temperature is around 100 ⁰C 
which is quite near to the fuel cell operation temperature. But thermodynamic 
calculation showed that direct formation of AlH3 from Al and H2 is impossible [95], 
Research has been continuing to search for cheaper synthesizing routes [76]. In 
general, no metal hydrides system so far can meet the DOE target and more research 
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works need to be done.  
 
2.5.3 Complex Hydrides 
Different from metal hydrides, hydrogen in complex hydrides is covalently bound to a 
metal or non-metal atom to form a complex anion. The cation in complex hydrides is 
usually alkali or alkaline earth metal. In order to reach high storage capacity, 
light-weight metals with high valency are preferred. Preferred atoms for forming 
complex anions are Be, B and Al, and that for cations are Li, Na and Mg. For example, 
compound Li3Be2H7 has 8 wt% H2 and its equilibrium pressure is 1 bar at about 250 
⁰C [96] High toxicity of beryllium compounds, however, impedes its real applications. 
Other compounds such as LiBH4 has a gravimetric hydrogen density of 18 wt%, LiAlH4 
has 10.6 wt% and Mg(AlH4)2 has 9.3 wt%. Commonly, complex hydrides decompose 
in several steps, and their final decomposing temperatures are too high for 
applications. 
 
LiBH4 [68] and NaBH4 [72] are too stable and their decomposing temperatures are 
too high for application. Their cost is also expensive as well. LiBH4 can be synthesized 
directly from B, H2 and LiH as illustrated in Equation 2.3 [97]. For boron systems, it is 
a common problem that boranes are possible decomposition products. Even trace of 
boranes will poison the catalyst in fuel cell and that limits them in applications. 
LiH + B +1.5 H2 à LiBH4   500-700 ⁰C, 150 bar H2   (2.3)  
Light weight complex aluminum hydrides were also studied by researchers. NaAlH4 [6] 
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was intensively studied, and it has reversible hydrogen content of 5.6 wt%. NaAlH4 
decomposes in three steps according to Equations 2.4 to 2.6, where M is Li or Na. 
Although NaAlH4 has 7.3 wt% hydrogen contents, the third decomposition 










Although reversibility was demonstrated in 1974 for reactions in the melt [98], 
NaAlH4 was not considered as potential hydrogen storage medium due to its 
irreversible dehydrogenation and slow kinetics. In 1997, Bogdanovic and Schwickardi 
reported reversible Ti-catalyzed NaAlH4 system [99]. Since then, NaAlH4 has received 
a lot of attention focusing on improved doping procedures, screening of catalytic 
additives, maximizing the reversible capacity, and on obtaining a comprehension of 
the catalytic effect of Ti. While LiAlH4 [100] has a hydrogen content of 10.6 wt%, it 
has not received the same attention as that of NaAlH4. 
 
One of the most used doping precursors for reversible NaAlH4 is TiCl3 [101]. Through 
ball-milling, the dopant is highly dispersed within the hydride material and this is 
necessary to improve the kinetics of the solid-state reactions. Metallic Ti will form 
during ball-milling by reaction with NaAlH4. Ti-doped NaAlH4 can be re-hydrogenated 
within minutes under 100 bar and 100 ⁰C [102], but its hydrogen capacity decreases 
over time. The preparation of such Ti-doped material is time consuming and 
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expensive as well. Similar results can be found on CeCl3 and SnCl3 doped systems 
[103, 104].  
 
Direct synthesis of doped complex NaAlH4 has also been developed. This is prepared 
from NaH and Al according to Equation 2.7, in which TiCL3 is a doping agent [105].  
NaH + Al à Ti-doped NaAlH4  TiCl3/80 bar H2, under ball-milling  (2.7) 
This new approach needs shorter reaction time and occurs under low temperature (< 
100 ⁰C), and the material prepared is more active as well.  
 
Other complex hydrides investigated are Mg(AlH4)2 [106, 107] and Ca(AlH4)2 [108, 
109], they have hydrogen contents of 9.3 wt% and 7.9 wt% respectively. Mg(AlH4)2 is 
an unstable hydride. Its decomposing enthalpy is ~0 kJ/mol H2 and is not useful for 
reversible storage. Mg(AlH4)2 decomposes at 130 ⁰C in one step, releasing 7 wt% H2 
as indicated in Equation 2.8. Ca(AlH4)2 decomposes in two steps in which CaAlH5 is an 
intermediate (Equations 2.9 and 2.10). Reversibility of Ca(AlH4)2 is still not clear.  
Mg(AlH4)2 à MgH2 + 2 Al + 3 H2   130 ⁰C   (2.8)  
Ca(AlH4)2 à CaAlH5 + Al +1.5 H2   180 ⁰C   (2.9)  
CaAlH5 à CaH2 + Al + 1.5 H2        230⁰ C        (2.10) 
 
2.5.4 Amides and Imides 
Hydrogen uptake by Li3N was first observed in 1910. In 2002, Chen and co-workers 
reported initial work of Li-alkali earth metal imides as storage materials [110]. Their 
result showed that Li3N can uptake 11.4 wt% hydrogen of its own weight. Amides are 
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another group of promising materials for hydrogen storage. At temperature up to 
200 ⁰C, 6 wt% H2 can be released form LiNH2, while the fully decomposition 
temperature is around 420 ⁰C. There is a disadvantage that ammonia will be 
produced when these materials are heated to high temperatures [111], and this has 
prevented amide system from being used in on-board applications. Further research 
has shown that the addition of alkali and alkaline earth metals such as Mg [112] and 
Ca can lower the decomposing temperature significantly, and can increase the 
desorption pressure and storage capacity. Following this direction, many new 
systems have been found such as Mg-Na-N-H [113], Li-Mg-N-H [114, 115] and 
Mg-Na-Li-N-H [116] systems. 
 
2.5.5 Amine-Borane Adducts 
Amine-borane adducts [117, 118] are unique materials with very high hydrogen 
contents. The simple compound ammonia borane, NH3BH3, is known to decompose 
to BN in three steps at different temperatures to release 19.6 wt% H2: 
n NH3BH3 (s)à[NH2BH2]n (s)+n H2 (g),  70-112 oC    (2.11) 
[NH2BH2]n (s)à[NHBH]n (s)+n H2 (g),   110-200 oC  (2.12-1) 
[NH2BH2]n (s)à[N3B3H6]n/3 (l)+n H2 (g),  110-200 oC  (2.12-2) 
[NHBH]n (s)àBN(s)+n H2 (g),       > 500 oC      (2.13) 
Equations 2.12-1 and 2.12-2 are parallel steps starting from [NH2BH2]n. Temperature 
for step 3 at 500 ⁰C (Equation 2.13) is too high for practical applications, so only 14.3 
wt% H2 is usable [119-121]. Similar to other system which contains boron, diborane 
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would be released during decomposition. Therefore NH3BH3 is not fit for fuel cell 
applications. There is a report to ball-milling LiH or NaH with BH3NH3 to form 
LiNH2BH3 or NaNH2BH3, which release ~10.9 wt% and 7.5 wt% hydrogen respectively 
at significantly lower temperature (around 90 ⁰C) without the production of borazine 
[122].  
 
Similar to NaBH4, amine-borane compounds are able to hydrolyze with water to 
release hydrogen in the presence of catalysts [123-125]. According to Equation 2.14, 
8.9 wt% H2 can be obtained by hydrolysis.  
 NH3BH3 + 2H2O à NH4+ + BO2− + 3H2        (2.14) 
The maximum solubility of amine-borane in water is 26 wt%. Ideally, to react with 
water with molar ratio according to Equation 2.14, NH3BH3 should have 46 wt% in 
water solution. Thus, the maximum wt% H2 for real NH3BH3 hydrolysis system is 
around 5 wt%. Ammonia-triborane, NH3B3H7 has a hydrogen content of 17.8 wt% H2 
[126]. Its water solubility is 33 wt%, which is higher than that of NH3BH3. Its 
hydrolysis system can reach 6.1 wt% H2. Nowadays, hydrolysis systems based on 
amine-borane compounds have received similar focus compared to the NaBH4 
hydrolysis system. They are promising for portable hydrogen generators. 
 
2.6 Hydrogenation/Dehydrogenation of Liquid Hydrogen Carriers 
Hydrocarbons are hydrogen-rich compounds. Some hydrocarbons can undergo 
hydrogenation/dehydrogenation reactions under certain conditions. 
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Benzene/cyclohexane, toluene/methylcyclohexane [127] and naphthalene/decalin 
[128] are systems with high hydrogen capacities, with 7.1 wt% (cyclohexane), 6.1 wt% 
(methylcyclohexane) and 7.2 wt% (decalin) of hydrogen capacities respectively. 
Usually, hydrogen-rich compounds dehydrogenate at high temperature (~ 300 ⁰C), 
and catalysts are needed to fully convert them into hydrogen-lean compounds [129]. 
Liquid hydrocarbons need to flow through a fix bed reactor with catalysts loaded in 
order to release hydrogen. Similar to hydrolytic hydrogen storage systems, the 
resultant hydrogen-lean compounds need to be transferred back to central facilities 
to be re-hydrogenated.  
 
There are several problems associated with these systems: (1) dehydrogenation 
temperature is high (~ 300 ⁰C) for full conversion; (2) separation units need to be 
installed to prevent contamination of the hydrocarbon if dehydrogenation is 
incomplete; (3) high temperature separation membrane is needed to separate 
hydrogen from hydrocarbon in elute hydrogen stream; (4) coke formation may occur 
during operation. A kind of catalysts based on Pt/γ-Al2O3 [127, 129] was developed 
and demonstrated that coke formation could be mitigated.  
 
Hydrogenation/dehydrogenation of liquid hydrogen carriers may not be good for 
on-board hydrogen storage. Liquid hydrocarbon systems may be useful as storage 
media to buffer seasonal changes in demand and supply of renewable energy [130] 
or as transport media for a hydrogen infrastructure such as hydrogen fill station.  
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2.7 Which System is Promising?  
There are many other systems besides the systems mentioned above, examples are 
hydrocarbon reforming systems [130-134], methanol reforming [135], ice hydrates 
[136-138] and others [6]. 
 
In summary, intensive research has been carried out in the past years in search for 
high volumetric and gravimetric hydrogen storage materials, in an attempt to replace 
fossil fuels with hydrogen fuel. However, it is difficult to find an ideal on-board 
hydrogen storage system which can meet the strict requirements.  
 
Despites some promising achievements to date, both chemisorption and 
physisorption materials and methods have some essential drawbacks. Chemical 
sorption materials such as hydrides and imides are expensive and the preparation of 
these materials is costly. Reversible conditions are still far from the required 
conditions for on-board hydrogen storage. In addition, the kinetics for hydrogen 
release from these materials is in general slow. Although doping and ball-milling 
methods can improve the kinetics and lower the temperatures needed, there are 
additional problems resulted, such as the loss in wt% H2 and increase in cost. Many 
simulation results predicted extremely high hydrogen uptake on some physisorption 
materials such as MOFs. These predictions, however, need further experimental 
verification. Nowadays, chemisorption and physisorption materials are still in the 
laboratory research stage. Even if good materials can be found/invented in the near 
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future, engineering research works are still needed for their commercialization. It is 
worth mention that DOE targets for on-board hydrogen storages are based on 
devices, not only for materials themself. Therefore, there is still a long way to go for 
research on hydrogen storage. 
 
Comparing with chemisorption and physisorption hydrogen storage systems, physical 
storage systems such as LH2, CGH2 and CcH2 are closer to real applications. There 
are many prototypes and experimental vehicles available nowadays. Among these 
systems, CGH2 has many advantages over LH2 systems, while CcH2 system seems to 
be able to combine the advantages of both the CGH2 and LH2 systems. Recently, a 
CcH2 device was shown to meet DOE 2015 targets. Capillary array is predicted to 
store more than 20 wt% or even 30 wt% of hydrogen; it is a promising hydrogen 
storage system though there is no commercial prototype available as yet now. In the 
near future, physical hydrogen storage systems are expected to be used for hydrogen 
vehicles, while related infrastructures such as filling stations will make hydrogen 
vehicles a more feasible alternative.  
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Chapter 3:  H2 Production from NaBH4/H3BO3 via Hydrolysis  
 
Hydrogen storage together with fuel cell can function as portable power source. One 
example of portable H2 fuel cell battery is U25 micro fuel cell system developed by 
UltraCell. The U25 micro fuel cell uses a methanol reformer to provide H2 from highly 
concentrated methanol solution. It could run a laptop computer for up to two 
working days or even a month on a single cartridge. Even after accounting for the 
additional weight of the fuel cell system components, methanol-fuelled fuel cells 
offer several times more energy per pound than the best available batteries.  
However, methanol hydrogen generators face technical problems such as CO 
generation, high temperatures, expensive catalyst costs and toxic methanol.   
 
Among other possible hydrogen storage systems for portable hydrogen fuel cell 
applications, sodium borohydride (NaBH4) hydrolysis system has received much 
attention because of its high gravimetric hydrogen density (i.e. high gravimetric 
energy density) , safety and its suitability for PEM-FC [1].  
 
The NaBH4 aqueous system has been introduced in Section 2.5.1. Hydrogen is 
produced according to Equation 3.1 [2]: 
NaBH4 + 2H20 = NaBO2 + 4H2  ΔH = -210 kJ/mol NaBH4         (3.1) 
Equation 3.1 is in fact a simplified equation as the real reaction produces NaBO2 
hydrates or NaBO2∙xH20, where x is the number of the excess water molecules in the 
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hydrates. NaBO2 is basic in solution due to hydrolysis (Equation 3.2); therefore 
adding base can stabilize the NaBH4 in aqueous solution. 
 NaBO2 + H2O ←→ NaOH + H3BO3   (3.2) 
Hence, concentration of H+ (i.e. the pH value of the solution) plays an important role 
in the NaBH4 hydrolysis kinetics [3]. The relationship of NaBH4 hydrolysis rate with 
pH and temperature [4] was empirically formulated as in Equation 3.3 [5],  
log(t1/2) = pH – (0.034 T – 1.92)    (3.3) 
where t1/2 is the half-life in minutes for NaBH4 hydrolysis, and T is the temperature 
(K). To control the hydrogen releasing rate, a common practice is to use alkali such as 
NaOH as stabilizer in the NaBH4 aqueous solution. For example, a NaBH4 aqueous 
solution with around 4 wt% of NaOH has half-life of around 2 years. To release 
hydrogen from the stabilized NaBH4 solution, an acid catalyst is added as activating 
agent.   
 
Beside the NaBH4 aqueous system, there are several other methods for NaBH4 
hydrolysis. There were reports on reacting NaBH4 with water steam [6, 7], while  
earlier reports showed that NaBH4 powder did not react with water vapor [8]. 
Recent research work confirmed with Kong et al. that NaBH4 released hydrogen only 
when it had been deliquescent [9]. Another method is to mix NaBH4 with catalysts in 
their solid states and to generate hydrogen by adding water. Only a few published 
papers are related to this method [10, 11], and around 10 wt% of catalysts was used 
with large amount of access water added. The need of large access of water may be 
due to the fact that water diffusion through the solid samples is much more difficult 
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than that in an aqueous solution, especially when the catalyst loading is small. 
Recently, there was also report on using sodium polyacrylate as super absorbent 
polymer to store NaBH4 solution [12]. The alkalinity of the sodium polyacrylate 
advantageously stabilizes the NaBH4 solution and hydrogen is released by contacting 
the catalyst with the NaBH4 gels. In order to avoid NaBO2 hydrates formation and 
hence to reduce water usage, Lo and co-workers used methanol and water mixture 
instead of water. Their results showed extended lag time and slow reaction kinetics 
at low temperatures with no catalyst used for the methanolysis of NaBH4 [13].  
 
In 1950 - 1960s, acid has been used as activating agents to accelerate the generation 
of H2 from NaBH4.  Since then, however, only a few papers have reported on the acid 
promotion, including a few fundamental studies in 1960s and a few patents in 2008 
[14]. This is probably because of the high loading of activating agents needed, such 
that the gravimetric density of hydrogen for these systems appeared low at the first 
glance. Nevertheless, our research showed that by using acid to accelerate the 
NaBH4 hydrolysis, higher wt% H2 can be obtained as compared to that of the NaBH4 
aqueous system. In this Chapter, a few different activating agents such as H3BO3, 
citric acid, formic acid, acetic acid and oxalic acid were evaluated for the NaBH4 
hydrolysis. We have found that H3BO3 was the best among these agents. The results 
of NaBH4/H3BO3 system (Section 3.2.2) showed that the hydrogen production rate 
was very fast and could easily reach a few litres per minute. Its practical gravimetric 
hydrogen density could be higher than 5.23%. We also built a prototype hydrogen 
generator based on the NaBH4/H3BO3 system as presented in Section 3.2.3. This 
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hydrogen generator is simple and self-controllable with no moving parts. It has been 
demonstrated in public several times and attracted attention from industries and 
companies. As a conclusion in Section 3.3, we compare this system with the NaBH4 
aqueous system, as well as commercial hydrogen generator based on the latter. 
 
3.1 Experimental  
NaBH4 (98%, Sigma-aldrich), citric acid (> 99%, Sigma-aldrich) and H3BO3 (> 99%, 
sigma-aldrich) were used as received without any pretreatment.  
 
Inside an argon protected glove box, the mixture of NaBH4 and acid were prepared 
by pouring 100 g of NaBH4 powder and a corresponding weight of the activating 
agent (i.e. the acid) into a 500 ml glass bottle, followed by shaking the bottle for a 
while by hands to give a good mixing. Each time, a few gram of the mixture was 
transferred into a 50 ml two-neck round bottom flask (RBF) inside the glove box. The 
RBFs were transferred out the glove box, with both necks sealed. 
 
To perform the experiment, water was delivered onto the mixture in the RBF by a 
syringe through a rubber septum. The other end of the RBF was connected to a 
water-trap device (max 4 L gas measureable) to measure the resultant gas collected. 
A Hiden mass spectrometer (MS) was equipped for on-line gas analysis. MS scan 
range was from 1 to 50 Dalton, and scan speed was 2 spectra/sec. 
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The crystalline structure of the reagents after reactions was analysed by powder x-
ray diffraction (XRD) on Bruker AXS D8, using Cu-Kα1 (λ = 1.8406 Å) radiation.  
Differential scanning calorimetry (DSC) measurements were performed on Netzsch 
DSC-204, within an argon protected glove box. Puriﬁed helium was employed as 
carrier gas with a ﬂow rate of 50 ml/min, and heating ramp rate was 5 ⁰C/min. 
 
3.2 Results and discussion 
3.2.1 The Choice of Activating Agent 
According to Equation 3.3, any activating agent that can provide H+ will increase 
NaBH4 hydrolysis rate.  Strong acids such as HF, HCl, HNO3 and H2SO4 are strongly 
corrosive and not safe to handle. Hence weak acids such as formic acid, acetic acid, 
benzoic acid and tartaric acid were considered.  Among them, citric acid has low 
specific H+ content (64.04 g/mol H+) and high pK values (pKα1=3.09, pKα2 = 4.75, pKα3= 
5.41), and was the first choice in our list. The others may be toxic or volatile (harmful 
to PEM-FC), or have a high specific H content (g/mol H+).  Since citric acid is a 
tricarboxylic acid, it has a favourably low specific H content of 64.04g/mol H+. 
However, our evaluation studies showed that citric acid was not a good candidate. 
Although mixture of citric acid and NaBH4 (mol ratio 1:3 and 1:2) reacted with water 
violently and the reaction was completed within 10 seconds. Traces of CO, which is 
harmful to the catalyst in PEM-FC, was detected in the outlet gas by on-line MS 
analysis. Citric acid is known to decompose at temperatures > 175 ⁰C.  NaBH4 
hydrolysis is a strong exothermic reaction (Equation 3.1), hence citric acid may 
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decompose during the reaction in a few seconds. Due to this CO formation problem, 
citric acid will not be a good activating agent.   
 
Shurtleff and co-workers in their patent have mentioned the use of boric acid as 
solid activating agent to promote NaBH4 hydrolysis. But they did not recommend 
boric acid due to its weak acidity and relatively low solubility in water.  Boric acid’s 
specific hydrogen content is low, 61.83 g/mol H+, and its pKα = 9.24. Its solubility in 
water is 5.7 g/100 ml water (25 ⁰C) and 27.53 g/100 ml water (100 ⁰C).  Shurtleff et 
al. commented that the weak acidity and low solubility may result in slow kinetics 
[14], hence they recommended “intermediate strength acids, such as tartaric acid 
and benzoic acid”. In the following section, however, we demonstrate that boric acid 
is a suitable choice. 
 
3.2.2 The NaBH4/ H3BO3 System 
In a typical run, a mixture of 515 mg NaBH4 and 825 mg H3BO3 (i.e. mole ratio of 1:1) 
was reacted with 100 or 200 μl quantities of water and the gaseous products were 
measured by a water-trap device. It was observed that the reaction proceeded very 
fast upon each injection within 5 seconds, and the whole reaction was completed 
after the injection of 1500 μL water. As shown in Figure 3.1 and Table 3.1, 1265 ml of 
hydrogen gas was collected for 1500 μL of water added. This is slightly higher than 
the expected stoichiometric hydrogen volume (1195 ml for the complete hydrolysis 
of 515 mg NaBH4), probably due to some measurement errors. Not all water was 
consumed in the reaction, as can be deduced from droplets of water observed at the 
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inner wall of the RBF after reaction, which also indicated that reaction temperature 
was high. 
 
Figure 3.1 – H2 eluted vs. amount of water added for the NaBH4/H3BO3 system. 
 
From Figure 3.1, it is clear that hydrogen production is linearly correlated to the 
amount of water added, especially from 100 to 1100 μL. It is obvious that hydrogen 
production can be controlled by controlling the water added. This behaviour of 
NaBH4/H3BO3 system suggests its potential usefulness in hydrogen production 
control, i.e. hydrogen on-demand applications.  
Table 3.1 – Volume of hydrogen eluted vs. amount of water injected. 
H20 added, μL 0 100 200 300 400 500 600 700 800 900 1000 1100 1300 1500 
H2 collected, ml 0 90 165 250 340 440 545 645 755 855 945 1035 1145 1265 
 
After reacting with excess amount of water, the white solid product was dried at 80 
⁰C overnight and analysed by XRD.  The result showed that the dried white powder is 
Na2B4O7∙5H20. Hence the reaction can be well presented by Equation 3.4: 
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(3.4)(g)8HO(s)5HOBNaO(l)6H(s)2NaBH(s)BO2H 227422433 +×®++  
Hydrogen wt% of the dry powder mixture can be increased by using HBO2 instead of 
H3BO3. There is no significant difference between NaBH4/H3BO3 and NaBH4/HBO2 
systems in terms of kinetics and mole mixing ratios in our tests. If HBO2 is used, the 
reaction follows Equation 3.5. 
 (3.5)(g)8HO(s)5HOBNaO(l)8H(s)2NaBH2HBO 22742242 +×®++  
On the other hand, H3BO3 loading in the mixture can be reduced to increase the wt% 
H2 of the mixture. When the mole ratio of NaBH4 to H3BO3 was changed from 1:1 to 
1:0.85, the reaction was not affected and hydrogen could still be fully released. 
However, by lowering the H3BO3 ratio further to 1:0.75, the reaction still proceeded 
very fast but only ~ 90 % hydrogen could be collected despite access water was 
added. It seems that the optimal mole ratio of NaBH4 to H3BO3 is around 1:0.8 
(corresponding to weight ratio of around 1:1.3).  The slightly less than stoichiometric 
loading of H3BO3 could be due to temperature increase during the reaction. At 100 
⁰C, the pH value of water is around 6, and according to Equation 3.2, a decrease of 
pH and T will speed up the kinetic. This optimized molar ratio for the mixture is 
labelled as Mix108 in the following discussions. 
 
The gravimetric hydrogen densities of NaBH4/H3BO3 and NaBH4/HBO2 dry materials 
are 8 wt% and 9.8 wt% respectively (for mole ratio 1:1), and are 9.2 % and 11.0 % 
respectively (for mole ratio 1:0.8). To produce the same amount of hydrogen, 
Mix108 of NaBH4/HBO2 has 12 % less weight than Mix108 of NaBH4/H3BO3. Such 
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reduction in weight is significant for portable devices since the mixture will be 
carried along although water could be obtained locally.  
 
Next, we attempted to study the kinetics of hydrogen production by injecting 2 ml of 
water onto 2 g Mix108 of NaBH4/H3BO3 and monitoring the time lapses for every 200 
ml H2 gas collected. The results are summarized in Table 3.2 and Figure 3.2.  
 Figure 3.2 – Time evolution for hydrogen production from 2.0 g Mix108 mixture 
and 2.0 g water system. 
 
The total volume of hydrogen collected during the experiment is 2 L.  As listed in the 
third column of Table 3.2, time intervals needed for the collection of each 200 ml gas 
are quite different, which means that the average H2 production rate varies as a 
function of the reaction time. The rate of production is plotted against total time in 
Figure 3.2 (dash line), showing that the initial reaction occurs rapidly up to ~30 
seconds. The reaction slows down slightly after that and finally level off, forming 
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solid foams in the RBF. On-line MS analysis detected no other gases except hydrogen.  
There were water droplets observed inside the RBF after the reaction, due to water 
vaporization caused by the exothermal reaction.   
Table 3.2 – H2 production rate from 2.0 g Mix108 mixture and 2.0 g water system. 
H2 volume, ml 






Average H2 flow speed, for 
each 200 ml, ml/second 
0 0% 0 0  
200 10% 2.3 2.3 87 
400 20% 1.4 3.7 143 
600 30% 2.3 6 87 
800 40% 2.6 8.6 77 
1000 50% 3.4 12 59 
1200 60% 6.5 18.5 31 
1400 70% 11.4 29.9 18 
1600 80% 28.3 58.2 7.1 
1800 90% 31.8 90 6.3 
1900 95% 41.5 131.5 2.4 
2000 100% 82.3 213.8 1.2 
 
We can rationalize the reaction mechanism as follows. When water was added, 
NaBH4 and H3BO3 started to dissolve and reaction took place immediately. Since the 
reaction is exothermic, temperature of the system increased. The reaction rate and 
the solubility of NaBH4 and H3BO3, especially solubility of H3BO3, were expected to 
increase with the rising temperature [4]. In the meantime, gas bubbles escaping 
from the system acted as stirrer to further increase mass transfer.  With all these 
effects, the reaction speeded up quickly and completed in a few seconds. With the 
consumption of fresh chemicals, the reactions slowed down and finally ceased.  
Although Shurtleff and co-workers did not recommend H3BO3 as activating agent  
because of its low solubility [14], our results showed that H3BO3 is actually a good 
candidate as its low solubility does not retard the reaction. Another advantage of 
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H3BO3 is that it does not produce harmful gas, decomposes cleanly into HBO2 (solid) 
and water only.  
 
The above results demonstrated that hydrogen production of the NaBH4/H3BO3 
system is very fast. 2000 ml of H2 was collected in 214 sec; hence the overall 
hydrogen production rate was around 10 ml/s (or 0.6 L/min). 50 % of the hydrogen 
was collected within 12 seconds at an average rate of 83 ml/s (or 5 L/min). Within 30 
seconds, 70 % of the total hydrogen production could be delivered with average rate 
of 47 ml/s (or 2.8 L/min).  
 
In a similar experiment with increased amount of the chemicals (4.0 g Mix108 and 4 
ml water), the reaction could be finished in less than 4 minutes. Unfortunately, we 
were unable to measure the production rate accurately because hydrogen 
production was so violent that water-replacement measurement became not 
suitable. These results indicated that hydrogen production rate can be readily 
increased, which is useful for PEM-FC applications. In conventional NaBH4 aqueous 
system, the kinetics of hydrogen production depends very much on the catalyst 
loading, and is pretty much fixed once the device is made. In the NaBH4/H3BO3 
system, on the other hand, the kinetics of hydrogen production can be controlled by 
water flow, so that the hydrogen production rate can be optimized for the intended 
applications and PEM-FCs with various capacities.  
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Next, we performed stability test by heating the NaBH4/H3BO3 mixture in argon up to 
350oC.  The DSC profile of the mixture in Figure 3.3 shows endothermic peaks at 100 
⁰C, 160 ⁰C and 190 ⁰C respectively, with no exothermal peak found. In comparison 
with the DSC profile of H3BO3, the peak at 100oC can be attributed to moisture from 
the hydrates, while the peak at around 160 ⁰C can be attributed to the 
decomposition of H3BO3 to HBO2, and peak at around 190 ⁰C could due to further 
decomposition of HBO2.  Since the enthalpy change of NaBH4 hydrolysis is -210 
kJ/mol, an exothermal peak should be found if water at gaseous phase reacts with 
NaBH4. The absence of exothermal peak indicates that solid state NaBH4, or 
NaBH4/H3BO3, is stable in dry air up to 350 ⁰C, without reacting with water vapour.  
This finding is consistent with earlier reports [8, 9]. 
 
Figure 3.3 – DSC profiles of NaBH4, H3BO3 and NaBH4/H3BO3 mixtures (NaBH4: 
dotted line; H3BO3: dashed line; NaBH4/H3BO3 mixture: solid line). 
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Finally, we performed optimization tests to determine the minimum amount of 
water loading needed. In practical NaBH4 hydrolysis, NaBO2 will form hydrates with 
different water molar ratios under various conditions, so that more than the 
stoichiometric amount of water is needed effectively. From our optimization, we 
have found the best conditions are as indicated below: 
Table 3.3 – Practical minimal water loading for release full release hydrogen on 
Mix108 of NaBH4/H3BO3 (expressed by molar ratio or weight ratio). 
 NaBH4 H3BO3 H20 Amount of H2 produced 
Quantity (g) 0.425 0.575 0.7 0.089 
Quantity (mol) 1 0.8 3.36 4 
 
Even in such condition, there were many water droplets condensing inside the RBF 
after reaction. The hydrogen wt% of the whole system is calculated to be 5.23 wt% 
according to this set of conditions. Further optimization especially on recycling the 
condensed water back to the reaction is expected to increase the wt% H2 further. In 
the NaBH4 aqueous system, although the theoretical wt% H2 is calculated to be 10.8 
wt% according to Equation 3.1, the limited solubility of NaBH4 in water (55g/100ml) 
decreases this value to 7.5 wt%. Also, since NaBO2 solubility is only 28g/100ml in 
water and there is a need to avoid precipitation of NaBO2 onto the catalysts, NaBH4 
concentration at 25 ⁰C should effectively be below 16g/100ml water [15]. This thus 
further reduces the practical wt% H2 of the NaBH4 aqueous system to only 2.9 %.  
Hence, the NaBH4/H3BO3 system we proposed compares favourably indeed. In the 
following, we discuss the construction of a home-built prototype hydrogen 
generator using this system. 
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3.2.3 Construction of a Hydrogen Generator based on the NaBH4/H3BO3 System 
First, we review briefly the construction of hydrogen generator based on the widely 
used NaBH4 aqueous system. Commonly, in this kind of portable hydrogen generator, 
stabilized NaBH4 solution was driven by a pump through a tubular reactor to contact 
with the catalyst that was attached onto a base. Figure 3.4 shows a typical design 
used [16]. Since liquid flow may sweep away the catalyst from its base, a slow liquid 
flow rate is preferred, which thus limits mass transfer inside the reactor. There have 
been reports on a smart design by using strong magnet to fix the ferromagnetic 
catalyst onto its place [17, 18]. On the other hand, in order to avoid precipitation of 
the resultant NaBO2 on the catalyst and along the tubing, NaBH4 in low 
concentrations (~ 16 wt%) is often used [15]. Thus, the hydrogen production rate in 
this type of generators is limited and depends significantly on the type and amount 
of catalyst used. The use of a pumping system to deliver the liquid chemicals 
consumes much electricity and requires complex electrical control in the device, 
hence is not recommended especially in portable devices. Hockaday et al has 
proposed a portable H2 generator design that could operate automatically via 
pressure variance [19],  by using a wick and mechanical mechanism to deliver the 
liquid chemicals. However, there was no prototype device reported.  
 
In our proposed NaBH4/H3BO3 system, it is only water that needs to be delivered and 
the design could be much simpler than the traditional NaBH4 aqueous system. Thus, 
a NaBH4/H3BO3 hydrogen generator prototype was designed and built as shown in 
Figure 3.5. 
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Figure 3.4 – Typical hydrogen generator design [16]. 
 
 
Figure 3.5 – Design of NaBH4/H3BO3 based Hydrogen Generator. 
 
The prototype generator consists of two pressurized containers, one (left in Figure 
3.5) for water reservoir (CW) and the other for powder NaBH4/H3BO3 mixture; the 
latter also serves as the hydrogen gas reservoir (CH). In this device, pressure 
variances are used to drive and control the water flow, hence control the hydrogen 
production rate. One-way valve Vow1 is used for injecting water into CW and applying 
pressure inside CW. While the other one-way valve Vow2 is used to control water flow 
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from CW to CH and prevent hydrogen gas flow from CH to CW when pressure inside 
CH is higher than that in CW. On-off valve V1 is added for safe-keeping of this device; 
once it is closed, water cannot flow from CW to CH and therefore reaction cannot 
take place anymore. Valve V2 is to control the hydrogen flow to the attached fuel cell. 
Pressure gauges P1 and P2 are to monitor pressure inside these two containers. In a 
real device, V2 could be linked with a needle valve to control the hydrogen flow rate 
depending on the loading. A pressure release valve should also be installed on CH to 
release excess pressure inside CH when needed. 
 
The operation of this device is simple. Pressure difference between CW and CH is 
used to control the liquid and gas flow automatically. If P1 > P2, water flows from CW 
to CH, and reacts with powder NaBH4/H3BO3 immediately. Pressure P2 in CH 
increased once reaction has taken placed. When P2 > P1, the water flow stops 
because of Vow1, hydrogen gas cannot flow to CW as well. At some points, if P2 is 
bigger than a pre-set value for the pressure release valve, excess hydrogen will be 
vented.  Once V2 is open, hydrogen will flow to the fuel cell, so that P2 decreases. 
Once P2 < P1, water flows to CH and P2 increases again. Due to the fast kinetic nature 
of the NaBH4/H3BO3-water reaction, pressure indicated at P2 responses to the 
addition of water promptly, and therefore the control of hydrogen production by 
pressure difference is feasible. The hydrogen production rate in this device can be 
flexibly designed from a few ml/s to a few L/s, able to provide hydrogen fuel to PEM-
FCs from a few Watts to Kilowatts. In Figure 3.6, the prototype hydrogen generator 
was coupled to PEM-FC and demonstrated to power up a LED display.  
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Figure 3.6 – A prototype H2 generator using the NaBH4/H3BO3 system in operation. 
 
The actual generator containers were made from aluminium, and each had a volume 
of around 400 ml.  The pressure inside CW was set at 3 bars, and the maximum 
pressure in CH was 7 bars.  The containers were sealed by O rings. Upchurch® plastic 
fittings, tubing and valves were used to connect the containers and the fuel cell. 
Pressure gauges and pressure release valves were connected to the containers by 
stainless steel tubing. The fuel cell used had maximum 50 W output.  The maximum 
powder loading in CH was 200 g of Mix108, which could generate ~ 200 L of 
hydrogen in total (ambient condition). The whole prototype could be assembled 
from parts in a few minutes, once water and chemical were loaded.  All the 
Upchurch® fittings, valves and tubing could be easily installed and re-sealed. The 
device is quite easy and safe to use.  It can start to operate in a few seconds and little 
attention is needed during the operation. It has been successfully demonstrated in 
many public exhibitions in Singapore, as a show case of clean hydrogen energy 
generation.  
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Testing with this prototype hydrogen generator has shown that the device can work 
smoothly for continuous hydrogen supply. Hydrogen can always be produced 
promptly in respond to water addition until the chemicals are used up, leaving white 
broken pieces of porous solids as the final product. However, problems were 
encountered when the device was operated on and off frequently, or shut down for 
a few days/weeks. In these cases, hydrogen production was retarded and the final 
product was a dense bulk solid, suggesting that the resultant hydrate formed a 
dense layer over the unreacted powder. This surface layer could have prevented the 
chemicals underneath from reacting with water. We called this phenomenon caking 
problem. Only when excess water was added and the top layer solid hydrate 
dissolved in water, fresh chemical at the bottom could continue to react with water. 
In such situation, safety precaution should be alerted since excess water has been 
added, fresh chemical could react rapidly to build-up high pressure inside the 
container. Therefore, a venting device should be installed to release excess pressure. 
The caking problem could be solved by installing a mechanical stirring device inside 
CH, bearing in mind the limitation for a portable device. Since our prototype 
generator did not have such a stirring device, only around 50 g of mixture was 
loaded each time to prevent caking.   
 
Some white solid particles could be found along the outlet tubing, which may be due 
to resultant NaBO2 hydrate carried out by the gas flow under such high flow rate. 
Hence, a solvent reservoir filter (made by porous metal block) was used as filtration 
inside the reactor, and thus minimizing this problem. 
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3.3 Conclusions and Comparison 
In summary, our experiments on several possible acid candidates have suggested 
that H3BO3 offers good properties as activating agent for NaBH4 reaction to produce 
hydrogen. Our results showed that the reaction can occur promptly and hydrogen 
production rate can be advantageously controlled by the addition of water. In the 
followings, we compare the properties and merits between this NaBH4/H3BO3 
system and the widely used NaBH4 aqueous system. Qualities for practical usage 
such as ease of handling, safety, etc are compared as listed in Table 3.4.  
Table 3.4 – A comparison of NaBH4/H3BO3 and NaBH4 aqueous systems. 
 NaBH4 aqueous system NaBH4/H3BO3 system 
Max wt% of NaBH4 
in real system? < 20 % 
~52 %, powder with HBO2, 
~ 43 %, powder with H3BO3, 
~25 %, according to Equation 3.3. 
wt% H2 of real 
system (without 
device) 
~ 2.9 wt% ~ 5.23 wt% 
Need Catalyst? Yes No 
Safe? NaOH is corrosive H3BO3 and HBO2 is much safer than that of NaOH 
Stability? Not so stable, self-decomposing over time 
Stable at high temperature, and no self-
decomposing over time 
H2 on demand? Not so easy Easy, instantaneous response 
H2 production rate 
on Demand? Not easy to reach 







reaction Not safe for handling Safe for handling 
 
Besides the advantages listed in Table 3.4, the preparation of our proposed 
NaBH4/H3BO3 mixture is also quite simple, hence energy input and preparation cost 
are negligible. One other advantage is that the solid product requires little 
separation treatment to recover the unused NaBH4. Since NaBH4 and H3BO3 or HBO2 
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are all inorganic, we believe the system has longer shelf life as compared to the 
NaBH4 aqueous system, which has to be stabilized and therefore its shelf life is 
limited to several months. The effective gravimetric density of our proposed system 
is also higher than that of the NaBH4 aqueous system (5.23 % vs. 2.9 %), hence our 
device could have at least twice the energy density than that of aqueous NaBH4 
based hydrogen generator. 
 
 
Figure 3.7 - Specifications of HydroPak and its cartridge. 
(http://www.horizonfuelcell.com/portable_power.htm) 
 
Based on the new system, we have constructed a simple and easy to use hydrogen 
generator during the duration of this thesis work.  The device is self-controlled and 
has no moving parts or electrical/electronic control. Since our device is simpler, its 
weight can be much less than that of NaBH4 aqueous hydrogen generator. In the 
following paragraph, we compare our device with a commercial portable hydrogen 
generator, HydroPak, from Horizon Fuel Cell Technologies Pte. Ltd., Singapore 
(Figure 3.7). This device is made based on the NaBH4 aqueous system, where 
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NaBH4/alkali/catalyst were pre-mixed in the powder state, and is activated similarly 
by the addition of water.  
 
First, we noted that Hydropak’s overall weight is 3.5 kg including a 1kg cartridge, 
where around 600 g powder is pre-loaded and 415 ml water is added later. It can 
produce 200 Watts∙Hour (Wh) of energy in total. Once water is added, 120 seconds 
are needed to activate the device; but the system can only be stored for 30 days 
whether in use or not.  
 
In comparison, our device will need ~120 g Mix108 and 100 g water to produce 200 
Wh of energy, provided that the energy efficiency of our whole device is 50 % when 
coupled with PEM-FC and electrical accessories altogether. Due to the simplicity of 
our design, the whole device is expected to weigh within 1.5 - 2 kg, inclusive of the 
chemicals. Our device will need just a few seconds to start the regular operation and 
can remain stable for years even after being activated, since all chemicals are 
inorganic. Further research should be carried out to develop a stirring device inside 
the CH container, and some engineering works are needed to integrate the system 
into an even more compact device. 
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Chapter 4: Hydrogen Production from Solid Reactions 
between MAlH4 (M = Li or Na) and NH4Cl 
 
LiAlH4 and NaAlH4 are complex metal hydrides with high hydrogen contents [1-3]. 
For example, LiAlH4 liberates hydrogen in three steps at various temperatures 






















Thus, at 175 ⁰C, ~5.3 wt% H2 can be produced in the presence of some catalysts or 
additives [5-12]. It was recently found in our laboratory that by solid-state chemical 
reaction with ammonium halide (e.g. NH4Cl), one mole of LiAlH4 can generate 3 
moles of H2 similarly at ~170 ⁰C with very fast kinetics, corresponding to 8.1 wt% H2 
with respect to the LiAlH4/NH4F system. Similar reaction between LiAlH4 and NH4Br 
has previously been reported [13]. The reaction was, however, carried out in Et2O 
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There are very few papers reported on the solid state reactions between alkali 
aluminium hydrides and ammonium halide [14], and the reaction mechanism for the 
solid reactions is still unclear. 
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In this chapter, solid reactions between alkali aluminium hydrides (MAlH4, M = Li or 
Na) and NH4Cl were investigated quantitatively using temperature programmed 
reaction (TPR), thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC) and x-ray diffraction (XRD).  The reaction mechanism will be discussed in 
Section 4.2.3.  
 
4.1 Experimental 
LiAlH4 (Strem Chemicals, 95%), NaAlH4 (Acros Organics, 93%) and NH4Cl (Kanto 
Chemical, 99%) were handled solely in an argon glove box. The reaction between 
LiAlH4/NH4Cl (or NaAlH4/NH4Cl) in 1:1 molar ratio was performed in a home-made 
TPR set-up.  Each time, approximately 200 mg of the mixture was heated from room 
temperature to 50 ⁰C in 30 mins, and then to 500 ⁰C with a ramping rate of 5 ⁰C/min. 
Purified argon at 50ml/min was used as the carrier gas. The outlet gas was 
monitored by on-line mass spectroscopy, while the quantities of hydrogen in the 
outlet gas were determined by water replacement method.   
 
Solid products were analysed by XRD on Bruker AXS D8, using Cu-Kα1 (λ=1.8406 Å) 
radiation. DSC measurement was performed on Netzsch DSC-204, within an argon 
protected glove box. Purified helium was employed as carrier gas with a flow rate of 
50 ml/min, and heating rate of 5 ⁰C/min.  Ball milling was carried on a Retsch 
PM400/2 planetary ball mill machine, with stainless steel jars and balls. The 
ball/sample mass ratio was 30 and the jar volume was 250 ml. A tube furnace 
(Carbolite) was used to heat samples up to 1000 ⁰C from room temperature with a 
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ramping rate of 5 ⁰C/min, argon was used as carrier gas with a flow rate of 30 
ml/min. The morphology of solid samples was examined on Jeol JSM-6700F scanning 
electron microscope (SEM).   
 
4.2 Results and Discussion 
4.2.1 Physically Mixed Samples 
Physically mixed LiAlH4/NH4Cl and NaAlH4/NH4Cl mixtures in molar ratios of 1:1 
respectively were prepared and studied first. DSC profiles in Figure 4.1 show very 
sharp exothermic peaks (peaks width ~24 seconds, or 2 ⁰C) at 163 ⁰C (for 
LiAlH4/NH4Cl) and 170 ⁰C (NaAlH4/NH4Cl) respectively. There are no distinct peaks 
from 200 ⁰C to 500 ⁰C in both cases. For comparison, DSC profiles of the as-received 
pure LiAlH4 and NaAlH4 samples are also included in Figure 4.1.  
 
Figure 4.1 - DSC profiles of as-received LiAlH4 and NaAlH4, in comparison with 
LiAlH4/NH4Cl and NaAlH4/NH4Cl mixtures (physically mixed). 
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The melting point of pure LiAlH4 is known to be 155 ⁰C, while that of NH4Cl is 338 ⁰C. 
The melting of LiAlH4 should be endothermic. But due to the interaction of LiAlH4 
with surface hydroxyl impurities [15], exothermic peak is observed at 155 ⁰C instead, 
in agreement to some reports in the literature [16, 17]. It is widely accepted that the 
thermal decomposition of LiAlH4 into Li3AlH6, H2 and Al (which occurs at 150-170 ⁰C 
as illustrated in Equation 4.1) is exothermic, while the decomposition of Li3AlH6 into 
LiH, Al and H2 (Equation 4.2) is endothermic [18]. Therefore, the peak at 169 ⁰C in 
Figure 4.1 for the as-received LiAlH4 is caused by the exothermic decomposition of 
LiAlH4 into solid Li3AlH6, while the peak between 180 - 240 ⁰C is the endothermic 
decomposition of Li3AlH6. The peak between 180 - 240 ⁰C is not very strong 
compared to the exothermic peak, but it becomes evident in the enlarged plot. In 
comparison with pure LiAlH4, the exothermic peak at 163 ⁰C in the DSC profile of 
LiAlH4/NH4Cl is most probably due to the reaction between LiAlH4 and NH4Cl, since 
there is no thermal effect at higher temperature region (170 - 500 ⁰C) and the LiAlH4 
decomposition can be excluded.  
 
In a similar way, the melting and decomposition of as received NaAlH4 are observed 
at 182 - 187, 250 - 300, and 350 - 400 ⁰C respectively. Hence the DSC peak at 170 ⁰C 
for the NaAlH4/NH4Cl mixture must be due to the reaction between NaAlH4 and 
NH4Cl. These can be further confirmed by TPR equipped with mass spectroscopic 
(MS) analysis of the effluent gas as discussed below.     
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The TPR-MS results for the LiAlH4/NH4Cl and NaAlH4/NH4Cl mixtures are shown in 
Figure 4.2. There are sharp hydrogen peaks at around 160 ⁰C (for LiAlH4/NH4Cl) and 
170 ⁰C (for NaAlH4/NH4Cl) respectively. The NH3 signal with low intensity is also 
observable in both LiAlH4/NH4Cl and NaAlH4/NH4Cl samples, starting at slightly lower 
temperature (than that of H2), reaching its maximum at the same peak temperatures 
as H2, with the second peak in a wider temperature range between 200 and 300 ⁰C. 
There was no nitrogen found in the effluent gas.  
 
Figure 4.2 - TPD-MS profiles for the physical mixtures of as-received MAlH4 (M = Li, 
Na) and NH4Cl. 
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The H2 releasing temperatures in the TPR-MS profiles coincide well with those in the 
DSC profiles in Figure 4.1, confirming that the sharp exothermic DSC peaks of the 
mixtures are due to quick chemical reactions, not to phase transformations. In the 
NaAlH4/NH4Cl case, the reaction temperature is lower than the melting points of the 
two reactants, indicating that melting of the solid reactants is not the prerequisite of 
the reaction. This confirms the report of in-situ solid-state 27Al NMR investigation of 
the thermal decomposition of LiAlH4 [19]. Nevertheless, the exothermic nature of 
the reaction is beneficial to the fast reaction rates. We can estimate the activation 
energy Ea of the reactions using Kissinger reaction rate analysis [20].  The method is 
based on the temperature programmed reaction approach, measuring hydrogen 
production temperature Tm for different heating rates, β = dT/dt.  In Figure 4.3, 
ln(β/Tm2) is plotted as a function of (1/Tm).  The activation energy derived from the 
equation d[ln(β/Tm2)]/d(1/Tm) = - Ea/R is ~ 136 and 157 kJ/mol for the LiAlH4/NH4Cl 
and NaAlH4/NH4Cl systems respectively.  
 
Figure 4.3 - Arrhenius plots of ln(b/Tm2) vs. 1/Tm obtained from the temperature 
programmed reactions at various heating rates for the LiAlH4/NH4Cl and 
NaAlH4/NH4Cl systems. 
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4.2.2 Effect of Ball Milling 
Ammonia was found as an unwanted by-product from the decomposition of NH4Cl, 
taking place between 200 and 300 ⁰C. The NH3 generated at low temperatures 
between 140 and 180 ⁰C is probably caused by the local overheating since the 
LiAlH4/NH4Cl reaction is exothermic. We thus attempted to minimise the ammonia 
production in this section.  
 
In our attempt, NaAlH4 and NH4Cl were first ball-milled separately for 10 hours 
before they were manually mixed together carefully. TPR-MS result showed that the 
NH3 production can be depressed dramatically in this way. In Figure 4.4, NH3 is 
hardly detected, in particular at high temperature region, while H2 release starts at 
temperature as low as 100 ⁰C and peaks at 170 ⁰C. The total volume of the effluent 
hydrogen from the MAlH4/NH4Cl reactions could be determined by water 
replacement method (ammonia is highly water-soluble).  Our results showed that 
one mol of MAlH4 can release ~3 mol of hydrogen in the reaction with NH4Cl at 
temperatures up to 180 ⁰C. The separate ball-milling of MAlH4 and NH4Cl is 
necessary to avoid reaction prior to quantitative measurements. Our experiments 
showed that ball-milled LiAlH4 and NaAlH4 remained stable for more than 10 hours, 
in agreement to previous results elsewhere [16, 21]. On the other hand, ball milling 
of pre-mixed samples of LiAlH4 and NH4Cl (mole ratio is 1:1) at 200 rpm for 30 mins 
was observed to increase the gas pressure to 77 psi in the milling jar. MS analysis 
showed only hydrogen but no ammonia released during the ball milling process. XRD 
analysis of the solid products from pre-mixed LiAlH4/NH4Cl subjected to 5 hour of 
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ball milling showed the same pattern as those of LiAlH4/NH4Cl being thermally 
heated to 175 ⁰C. These results suggested that MAlH4/NH4Cl can easily react during 
ball milling, and the ammonia production by the decomposition of NH4Cl could be 
avoidable by ball milling.   
 
Figure 4.4 - TPR-MS profiles for the mixture of separately ball-milled NaAlH4 and 
NH4Cl in 1:1 molar ratio. 
 
XRD pattern of the freshly mixed sample in Figure 4.5 shows the presence of 
separately-milled NaAlH4 and NH4Cl. When the mixture was heated to 175 - 850 ⁰C, 
both the NaAlH4 and NH4Cl peaks disappear while the NaCl peaks become significant.  
At 1000 ⁰C, which is much higher than the melting point of NaCl (801 °C), the NaCl 
peaks disappear and only AlN peaks become observable. TGA profile in Figure 4.6 
shows 5.24% weight loss for the NaAlH4/NH4Cl mixture being heated to 200 ⁰C.  
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Figure 4.6 - TGA profile of the ball-milled NaAlH4/NH4Cl mixture (heating from 30 
⁰C to 200 ⁰C at heating rate 5 ⁰C/min). 
 
 
























**# # + # +
*
# #* # + *
Fresh Mixed 
* : NaCl; +: Al; #: NH
4





# ## # ^
^
^ ^ ^ ^ ^^
Chapter 4: H2 Production from Solid Reactions between MAlH4 (M=Li or Na) and NH4Cl 
- 91 - 
 
4.2.3 Discussion on the Reaction Mechanisms 
According to the above experimental results, the solid state reactions between 






















LiAlH4 was experimentally confirmed to be an ionic compound, consisting of Li+ 
cations and isolated AlH4- anions [22]. Hence double replacement reaction may occur 
between MAlH4 and ionic compounds such as NH4X (X = F, Cl), forming ionic solid 
such as [AlH4-]∙[NH4+]. A similar reaction: NaBH4 + NH4F à NH4BH4 + NaF was 
previously reported [23].  H4AlNH4 is unstable and readily decompose into AlHNH as 
previously shown by experiments and by theoretical study [24]. The decomposition 




















HAlNH may exist in a polymeric form, [HAlNH]n, which is amorphous and XRD-
undetectable.  It remains stable until 850 ⁰C.  Above 850 ⁰C, [HAlNH]n decomposes to 
AlN, releasing another mole of hydrogen.  The final product AlN can be detected by 
XRD as shown in Figure 4.5.   
 
The XRD patterns of the LiAlH4/NH4Cl system at various temperatures have been 
measured, but not shown here as the same conclusions as NaAlH4/NH4Cl were 
obtained. There were no XRD peaks corresponding to nitrogen-containing 
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compounds detectable at < 850 ⁰C while the XRD profile of the LiAlH4/NH4Cl mixture 
which was heated at 1000 ⁰C for 2 hours showed AlN peaks only.  
 
AlN is the final product of the MAlH4/NH4Cl reaction at 1000 ⁰C.  SEM results on the 
residue show crystal-like needles and stick-shaped materials (Figure 4.7).  Typical 
widths of these sticks are around 120 nm, and around 90 nm for the needles. 
Nevertheless, the decomposition of [HAlNH]n may proceed very slowly so that after 
2 hours calcination at 1000 ⁰C, amorphous materials which are most probably 
[HAlNH]n are still observable in the SEM images.  
  
  
Figure 4.7 – SEM images at various spots and magnifications for the residue of 
LiAlH4/NH4Cl mixture after 1000 ⁰C calcination for 2 hours. 
 
Chapter 4: H2 Production from Solid Reactions between MAlH4 (M=Li or Na) and NH4Cl 
- 93 - 
 
Similar results were obtained from the MAlH4/NH4F systems where M = Na or Li. DSC 
profiles (not presented here) showed sharp peaks at 165 ⁰C for LiAlH4/NH4F and 176 
⁰C for NaAlH4/NH4F respectively. TPR-MS results also confirmed that the sharp DSC 
peaks were due to the release of H2. Theoretically, the use of NH4F in the place of 
NH4Cl can increase the H2 wt%, but NH4F decomposes at 100 ⁰C and is more difficult 
to handle.  
Table 4.1 - H2 release wt% from (MAlH4 + NH4X) and from pure MAlH4 by thermal 
decomposition at temperatures < 180 ⁰C. 
 LiAlH4 NaAlH4 NH4F NH4Cl 
LiAlH4 5.3 - 8.1 6.6 




Alkali aluminium hydrides (MAlH4, M = Li or Na) react with NH4Cl at solid state when 
they are well mixed and heated to around 180 ⁰C.  One mole of reactant can produce 
three moles of hydrogen, possibly via the double replacement reaction and the 
immediate decomposition of the intermediate [H4AlNH4], forming polymeric 
[HAlNH]n. NH3 production as the by-product could be minimized by ball milling of the 
precursor compounds prior to the reaction.  
 
In summary, solid reactions of MAlH4/NH4X (M = Na or Li and X = Cl or F) have 
several advantages over the decomposition of MAlH4 for H2 production. These 
include: (1) Higher H2 wt% released at relatively lower temperature (see Table 4.1); 
(2) Lower overall cost since H2 is provided by cheaper NH4X; (3) Safer handling of the 
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reactant mixtures (since MAlH4 is diluted by NH4X, and the products, NaX and 
[HAlNH]n, are more stable and safer than Na3AlH6). 
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Chapter 5: Rapid Microwave-assisted Hydrogen Release from 
MgH2 and Other Hydrides 
 
As mentioned in Section 2.5, hydrogen can be stored as hydrides [1, 2] that have 
much higher hydrogen density than that of pure hydrogen in terms of volume. In 
general, however, the decomposition temperatures of various hydrides are too high 
for real applications and the dehydrogenation kinetics are slow. For example, 
hydrogen release from MgH2 occurs at > 300 ⁰C and it generally takes a long period 
of time, in the order of several hours. Reducing particle size into nano-scale by 
several techniques such as ball-milling may help to reduce the decomposition 
temperatures and improve the kinetics, but nanoparticles are generally unstable and 
tend to aggregate.  Furthermore, much energy is used to make hydrides into 
nanoparticles.  
 
Among the various methods to improve the kinetics of hydrogen release, microwave 
heating could be an effective one.  It is well known that microwave can heat 
materials quickly with much higher energy efficiency than conventional electrical 
resistant heating.  However, there are only a few papers [3] on microwave heating of 
hydrides and the results showed that not all hydrides were microwave active. 
Nakamori et al [4, 5] applied single-mode microwave irradiation on a series of metal 
hydrides (LiH, NaH, MgH2, CaH2 and TiH2) and complex metal hydrides (LiBH4, NaBH4 
and KBH4), among which only TiH2 and LiBH4 exhibited rapid microwave heating.  
While 13 wt% H2 was measured from LiBH4, less than 0.16 wt% H2 could be released 
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from TiH2.  The authors concluded that the conductive loss and microwave 
penetration depth played important roles in microwave heating of hydrides. Matsuo 
and co-workers [6] studied the interaction of microwaves with the mixtures of LiBH4 
and microwave absorbers (TiH2, boron, or carbon). It was found that the mixtures 
were heated in microwave much faster than pure LiBH4, and carbon was better 
microwave absorber than TiH2 and boron. In another report, metal particles were 
used as microwave absorbers as well [7]. All these research results show that 
microwave heating is not universally applicable to various types of metal hydrides 
and it is difficult to achieve full release of hydrogen content from the hydrides by 
conventional microwave method.   
 
In this chapter, a composite material system was developed by coating honeycomb 
ceramic monoliths with a layer of nickel metal (Ni-HCM).  It was found that the 
heating capability of Ni-HCM under microwaves was closely related to the Ni layer 
thickness.  Very thin (< 0.2 wt% Ni) and very thick Ni layers (> 2 wt% Ni) both do not 
help microwave heating.  Only Ni-HCM with a narrow range of Ni layer thickness 
could be heated by microwaves very efficiently and evenly, without any spark/arc. 
When the monolith channels inside the Ni-HCMs were loaded with hydrides, such as 
MgH2, NaAlH4, NaBH4 and LiH, the hydrides could fully release their hydrogen 
contents under microwave irradiation within 2 - 3 minutes. In these applications, Ni-
HCMs acted as microwave energy acceptor that rapidly convert microwaves into 
heat and resulted in high temperatures. The hot Ni-HCMs then transferred heat to 
the hydrides in contact, so that the hydrides decomposed and released H2 within a 
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few minutes. Compared to the microwave heating methods for hydride 
decomposition as reported in the literature (Nakamori, et al., 2007, Nakamori, et al., 
2006, Matsuo, et al., 2007, and Luo, et al., 2010), our microwave/Ni-HCM method 
has several advantages: (1) very quick dehydrogenation kinetics: all hydrides tested 
can fully release their hydrogen in 2 - 3 minutes; (2) wide application range to cover 
many different kinds of hydrides, whose decomposition requires high temperatures 
and difficult to achieve by conventional heating methods; (3) very high energy 
efficiency (> 90 % of microwaves energy transfer to heat); (4) large energy saving 
compared to conventional electrical resistant heating method; and (5) localized 
microwave heating, confined only to the Ni-layer on HCM, so that the system design 
can be very simple and easy.  
 
5.1 Experimental 
Microwave-assisted hydrogen release of hydrides was studied in a microwave oven 
(Milestone Microsynth Labstat) with microwave frequency of 2.45 GHz.  In order to 
enhance the efficiency of microwave heating, hydride powder were loaded in a Ni-
coated cylinder-shaped cordierite honeycomb ceramic monolith (Ni-HCM). The HCM 
was Φ37 mm × 20 mm in dimension and ~ 11.5 g in weight.  It had 200 square-
shaped channels per square inch, and each channel had a width of 1.5 mm. Wall 
thickness between two channels was 0.33 mm. Hence a HCM possessed highly coat-
able area of 376.2 cm2. The HCM was coated with a thin layer of Ni using electroless 
nickel (EN) coating technology. The EN solution was made from commercial 
UDIQUE® 891 EN concentrated solutions, which include Ni source (e.g. NiSO4 or 
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other nickel salts), reducer (NaH2PO2 or NaBH4 etc.) and stabilizer solutions (thiourea 
etc.). The Ni plating process can be generally expressed in the following chemical 
equation: 
        +  3    +        ∆→ 3       +      +  2  ↑  +  ↓    (5.1) 
The EN coating process involved the following procedures: (1) A HCM was immersed 
in a SnCl2 (3.0 g/L) solution for 5 minutes, rinsed by DI water, soaked in a PdCl2 (0.25 
g/L) solution for 5 minutes, rinsed by DI water again and soaked in the EN coating 
solution at 36 ⁰C for various time periods ranging from 20 seconds to 10 minutes to 
prepare Ni-HCM with different Ni coating thicknesses; (2) freshly coated Ni-HCMs 
were rinsed with water and left in an oven at 100 ⁰C for more than 24 hours. 
Percentages (Ni weight to HCM weight) and thicknesses of Ni coating layer were 
calculated by Ni volumes divided by HCM coat-able area. Ni weight percentage for 
each Ni-HCM is calculated by additional weight due to Ni coating divided by HCM 
weight.  
 
A home-made glass reactor (Figure 5.1) was used to accommodate the Ni-HCMs with 
metal hydrides loaded within its channels. The loading of hydrides into Ni-HCMs was 
conducted in an argon protected glove box.  The glass reactor was then sealed and 
moved into the microwave oven.  To study the effect of microwave power, 
microwave of different powers was respectively applied to heat and decompose the 
hydrides.  Outlet gas was connected to a water-trap device to measure the volume 
of gas produced under different power of microwaves. 
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Figure 5.1 - Schematic drawing of the home-made glass reactor: 1. Glass container; 
2. Gas outlet; 3. Hooks to seal the glass cap and container by rubber bands; 4. Ni-
HCM; 5. Hollow ceramic cup to hold Ni-HCM with powder hydrides within monolith 
channels. The arrow indicates that the Ni-HCM is located at the bottom of the cup. 
 
An infra-red (IR) sensor which was built inside the microwave oven was used to 
measure the temperature when it was < 170 ⁰C. Temperatures between 170 and 500 
⁰C were measured by a portable fluke IR thermometer.  
 
Commercial hydrides including MgH2 (Sigma-aldrich, 98 %), NaBH4 (Strem, 98 %), LiH 
(Strem, 95 %), NaAlH4 (Acros Organics, 93 %), and BH3NH3 (Aldrich, 97 %) were used 
as-received, without any pre-treatment, for the hydrogen release tests. The particle 
size of the powder samples was generally larger than 50 micron. 
 
The crystalline structures of metal hydrides before and after dehydrogenation were 
analyzed by powder x-ray diffraction (XRD) on Bruker AXS D8, using Cu-Kα1 (λ = 
1.8406 Å) radiation.  The morphology of solid samples was examined on Jeol JSM-
6700F scanning electron microscope (SEM).   
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5.2 Results and Discussion 
5.2.1 Ni-HCMs and Their Heating Capabilities under Microwaves 
The Cordierite HCM without coating showed no detectable temperature change 
under microwave heating, indicating that it is not a suitable microwave heating 
media. This is understandable since Cordierite is a silicate-based compound with low 
dielectric constant [8, 9]. After coated with a thin Ni layer, HCMs’ heating capability 
increased.  Twelve Ni-HCMs with different weight percentages of Ni coating, ranging 
from 0.3% to 5.7%, were tested under 3 different powers of microwaves (100 W, 150 
W and 200 W respectively) for 25 seconds. No sparks or arcs were found during 
these tests while temperature increase was observed on all the samples.  As shown 
in Figure 5.2, the temperature rise is strongly dependent on the wt% of Ni coating or 
thickness of Ni coating.  
 
When the coating of Ni is < 0.2 wt%, no temperature change is recorded, similar to 
that of HCM without any Ni coating.  For the Ni-HCM monolith with 0.305 wt% Ni, 30 
- 70 ⁰C rises can be detected, depending on the microwave power. The maximum 
temperature increase of around 120 ⁰C is observed from the Ni-HCMs with 0.5 - 0.7 
wt% Ni coatings at 200 W microwaves for 25 seconds. Further increase in the Ni 
coating thickness results in rapid drop in temperature.  These results indicate that 
microwave heating of Ni-HCM relies on and hence is very sensitive to the Ni coating.  
Without Ni coating, pristine HCM is not a microwave heating media, while thick Ni 
layer coating (> 2 wt% Ni) does not help in microwave heating either. Thickness ~ 0.2 
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micron which corresponds to 0.5 - 0.7 wt% Ni is the most suitable Ni coating for 
microwave heating in our system.  
 
Figure 5.2 - Temperature changes of Ni-HCMs, as measured after applying 
microwaves at three different powers (100, 150 and 200 W respectively) for 25 
seconds, as a function of the weight percentage of Ni coating. 
 
SEM images in Figure 5.3 demonstrate the morphology of the Ni-HCMs with 
different wt% Ni coatings.  The surface of the best sample, Ni-HCM with 0.5367 wt% 
Ni, is rough, porous, and covered by submicron Ni particles (see Figures 5.3b and 
5.3c).  When Ni coating is increased to > 1.89 wt% Ni, the coating layers become 
smooth and thick as shown in Figures 5.3d and 5.3e. The real thicknesses of Ni 
coating as observed from SEM are much larger than the calculated values.  For 
example, the thickness of Ni layer in the 1.89 wt% Ni-HCM, as measured from SEM, 
is ~15 micron while the calculated thickness displayed in Fig. 5.2 is 0.7 micron only.  
This is understandable since there were hydrogen bubbles produced during EN 
coating (Equation 5.1), which resulted in many holes and cavities inside the Ni 
coating layer. The estimated thickness of Ni coatings is, however, a useful reference.  
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Figure 5.3 - SEM images of (a) as-received HCM; (b) 0.55 wt% Ni-HCM; (c) the same 
as (b), with larger magnification; (d) 1.89 wt% Ni-HCM; and (e) 5.71 wt% Ni-HCM. 
 
It is well known that microwave heating cannot be applied to bulk metals since they 
are microwaves reflectors as well as spark/arc inducers.  Hence, our Ni-HCMs with 
thick Ni coatings (> 1.89 wt%) may reflect most of the microwave radiations like a 
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samples with 0.5 - 0.7 wt% Ni, Ni particles on the monolith surface behave like 
powdery metals which are known to be heated well in microwaves [10].  Although 
there exists no systematic explanation on the microwave heating of metal powders 
[11], several studies in the literature have attributed the microwave heating of 
powdered metals to conduction losses due to eddy currents or magnetic induction 
heating [12, 13]. Also, Ni has been shown to be one of the best powdered metals 
with high microwave heating rate, even higher than most oxides except Fe3O4 [10]. 
Hence, our Ni-HCMs with 0.5-0.7 wt% Ni showed good agreement with the literature 
and it can be heated up with microwave rapidly. The detailed mechanism of the 
microwave/metal interaction will be further discussed in Chapter 6.   
 
Microwave heating via Ni-HCM was shown to be strongly dependent on the 
microwave power. In order to estimate the maximum temperature that can be 
achieved by microwave heating via Ni-HCM, the best 0.54 wt% Ni-HCM sample was 
monitored under the irradiation of 1000 W microwave power.  As shown in Figure 
5.4, the Ni-HCM became glowing after 7 seconds of 1000W microwave heating, with 
no spark/arc observed during the tests.  A temperature as high as 500 ⁰C could be 
recorded ex-situ a few seconds after the microwave had been switched off. The 
heating rate calculated is 70 ⁰C/s or 4200 ⁰C/min，which is much higher than the 
best results reported in the literature for powder metals, i.e. 557 ⁰C/min for V and 
384 ⁰C/min for Ni [10].   
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Figure 5.4 - Photos of (a) HCM with no Ni coating; (b) Ni-HCM with 0.54 wt% Ni 
coating; (c) red-hot glowing Ni-HCM shortly after 1000 W microwave heating. 
 
Since the Ni-HCM used in the experiment is known to consist of 11.5 g of cordierite 
and ~ 62 mg Ni (0.54 wt% of Ni coating) and the heat capacities of cordierite and Ni 
are 1.151 J·g-1·K-1 [14] and 0.444 J·g−1·K−1 respectively, the efficiency of microwaves 
heating could be estimated. Thus, the efficiency was found to be greater than 90 %, 
i.e. > 90 % of microwave energy has been converted to heat, resulting in the rapid 
temperature increase of the Ni-HCM from 25 to > 500 ⁰C within 7 seconds. The 
energy efficiency of our microwave oven, i.e. the transfer of electricity to 
microwaves, s was measured to be around 66 %. So, the energy efficiency from 
electricity to heat via microwave heating using our Ni-HCMs as a media is ~ 60 %.  
Since microwave heating was instant and localized only to the microwave-active 
zone, its heating efficiency should be higher than conventional electrical resistant 
heating which lose more useful energy to the environment and accessories.  
 
5.2.2 Metal Hydrides under Microwave Heating using Ni-HCM 
To test the decomposition of various types of metal hydrides under microwave 
heating, Ni-HCMs with 0.5 - 0.7 wt% Ni coatings were used as the heating media and 
A B C 
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as the sample holders.  Each time, 0.5 g of an as-received commercial hydride was 
loaded into Ni-HCMs channels and located into the reactor (Figure 5.1). 200 W 
microwaves were applied while the volume of released gas was measured by using 
water-trap set-up.  Our tests showed that hydrogen could be released from various 
types of metal hydrides very quickly and the results are presented in the following 
sections.  
 
(a)  MgH2 under Microwave Heating 
As a typical example, as-received MgH2 could be quickly heated up and complete H2 
releasing was recorded within 2 minutes. This rate is much faster than those 
reported in the literature, in which hydrogen release from MgH2 may take a few 
hours to complete even at 320 ⁰C in the presence of catalysts [15]. XRD study 
confirmed that the resultant solid material was Mg. Traces of MgH2 could be 
detected by XRD, which may be derived from the MgH2 powders outside the 
channels of Ni-HCMs. The SEM images of as-received MgH2 and the resultant Mg 
product are shown in Figure 5.5. There is no obvious change in particle size due to 
the decomposition.  There are many ring-like features in the SEM images of the 
resultant Mg at higher magnifications (Figure 5.6). These may result from the 
collapsed bubbles due to hydrogen release. This observation indicated that the final 
temperature could be higher than 600 ⁰C, the melting point of Mg.  Because the 
heating period was short, Mg particles did not stay in liquid form fully so that the 
particle sizes remained similar to that of initial MgH2. Under the same experimental 
setting with longer heating period, e.g. 3 minutes, melted Mg particles of large size 
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(1-3 mm) could be visually found. Based on these observations, it could be concluded 
that the microwaves heating using Ni-HCMs could reach temperatures higher than 
that is needed to fully decompose a hydride such as MgH2. The heating is effected in 
a short time period, e.g. 2 minutes, and hence a quick hydrogen release can be 
achieved.  
 
Figure 5.5 - SEM images of as-received MgH2 (left) and the resultant Mg after the 
microwave heating (right). 
 
 
Figure 5.6 - SEM images of the MgH2 after microwave heating, both obtained from 
the same sample but with different magnifications. 
The hydrogen release rate is strongly dependent on the microwave power applied.  
Figure 5.7 displays the real-time eluting-gas volume as a function of microwave 
heating time.  The outlet gas was collected by water-trap device under two different 
microwave powers, 300 and 600 W respectively.  In each measurement, 2.0 g of 
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MgH2 was loaded into the Ni-HCM in the reactor. The average gas eluting rate is 23.4 
ml/second for 600 W and 13.1 ml/second for 300 W microwaves respectively. The 
total volume of collected gas is higher than that corresponding to 100 % H2 release, 
since the gas volume expansion caused by the temperature increment of the reactor 
upon microwave heating is also contributive to the overall outlet gas volume 
measurement. Obviously, high microwave power enhances the hydrogen release 
rate significantly. When 700 W microwaves was applied on the same system, the gas 
generation was so fast that the glass cap of the reactor popped up at around 15 
seconds of microwave heating.  
 
Figure 5.7 - Real time eluting-gas volume profiles obtained from 2.0g of MgH2 
under two different powers microwave heating: 300 W (red) and 600 W (black). 
The efficiency of microwave heating for hydrogen release is greater than that of 
conventional electrical resistance heating.  As mentioned above (Section 5.2.1) the 
conversion efficiency of electricity to microwave was measured to be 66%.  Hence 
450 W of electricity was needed to generate 300 W of microwave in our Ni-HCM 
system. To fully release H2 from 2.0 g of MgH2 under 300W microwave, 220 seconds 
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was needed.  On the other han,d by applying 450W of electrical resistant heating on 
2.0 g MgH2 using a well-insulated tube furnace, it took 720 seconds to fully release 
H2. The efficiency of hydrogen release by microwaves heating is more than 3.3 times 
that of electrical resistant heating.   
 
Another advantage of microwave heating is that the whole system remains at low 
temperature while Ni-HCM is heated to high temperatures. Since most hydrides’ 
decomposition processes are endothermic, the whole decomposition process can be 
impeded immediately when microwaves stops.  In this case, microwaves/Ni-HCM 
method can produce hydrogen on-demand with much energy saving.  
 
(b)  Alkaline Metal Hydrides under Microwave heating  
Similarly, while dehydrogenation kinetics of un-treated alkaline metal hydrides, such 
as NaAlH4, NaBH4 and LiH, are slow through conventional thermal heating, our 
microwave/Ni-HCM method showed quick dehydrogenation kinetics on these metal 
hydrides too.  The results listed in Table 5.1 indicate that all the alkaline metal 
hydrides decompose fully within 2 minutes under 200 W microwave heating, except 
LiH.  The reason that LiH was observed to release only 90% of its hydrogen may be 
due to its high decomposition temperature (720 ⁰C).  By applying 200 W for longer 
duration (3 minutes), LiH could be fully decomposed. 
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Table 5.1 – Percentage of hydrogen released from various hydrides by 200 W 
microwave heating for 2 minutes, using the 0.5-0.7 wt% Ni-HCMs as the heating 
media and sample holder. 
*: Percentage of the measured H2 volume with respect to the theoretical value from complete 
decomposition of the hydride. &: 100 % H2 release was measured after 3 minutes of 200 W microwave 
heating via Ni-HCM  
 
 
(C)  NH3BH3 under Microwave Heating 
NH3BH3, which has been shown to release 19.6 wt% H2 at 500 ⁰C, was also tested by 
the microwave/Ni-HCM method. However, after 15 seconds microwave heating, 
white smoke appeared inside the reactor and the glass cap of the reactor popped up 
due to the pressure built-up after around 30 seconds. The outlet tubing (1/4” in 
diameter) was blocked by white silk-like material after the experiment, and there 
was also white deposit on Ni-HCM. XRD analysis showed that the white deposit was 
BN.  
 
NH3BH3 is known to decompose to BN in three steps at different temperatures [20]: 
n NH3BH3 (s) à [NH2BH2]n (s) + n H2 (g), 70-112 ⁰C  (5.2) 
[NH2BH2]n (s) à [NHBH]n (s) + n H2 (g),  110-200 ⁰C (5.3-1) 
[NH2BH2]n (s) à [N3B3H6]n/3 (l) + n H2 (g),  110-200 ⁰C (5.3-2) 
[NHBH]n (s) à BN(s) + n H2 (g),   > 500 ⁰C (5.4) 
The reaction intermediate, [N3B3H6]n/3 in Equation 5.3-2, is a liquid at room 
temperature, which may evaporate from the heating areas and re-deposit along the 
 MgH2 NaAlH4 NaBH4 LiH 
wt% H2 upon complete 




375  [16] >400   [1, 17] 580  [18] 720 [19] 
H2 % release measured 
after 2 minutes* 100% 100% 100% >90%
& 
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tubings, resulting in the blocking of the outlet tubing.  The vaporization and re-
deposition of [N3B3H6]n/3  made full decomposion of NH3BH3 impossible.  
 
5.2.3 Ni-HCM after the Microwave Operation 
In our study, we have found that Ni-HCM cannot be repeatedly used in air. Once a 
Ni-HCM was heated to glowing in air, it could not be heated again by microwaves.  
By cutting the used Ni-HCM into half for analysis, it was found that the Ni coating 
had been oxidized by air at high temperatures.  If the Ni-HCM was heated by 
microwaves in an inert gas such as Argon, Ni-CHM may be repeatedly used.  
 
We have found also that Ni-HCM could be destroyed when it was used to release 
hydrogen from alkaline metal hydrides such as NaAlH4, NaBH4 and LiH. We suspect 
this is because Na and Li have very low melting temperatures, 97.72 ⁰C and 180.54 
⁰C respectively. When NaAlH4, NaBH4 and LiH were decomposed at high 
temperatures, the resultant Na and Li became liquid form and therefore they could 
penetrate into the pores of Ni-HCMs and destroyed the Ni-HCMs finally. While Ni-
CHM was used to heat MgH2, it could be repeatedly used, since Mg has rather high 
boiling temperature of ~ 1091 ⁰C.  
 
5.3  Conclusions 
We have found that HCM can be heated up quickly in microwaves when it is coated 
with a thin layer of Ni.  The heating efficiency is strongly dependent on the Ni layer 
thickness.  With Ni coating < 0.3 wt%, Ni-HCM is not an effective microwave heating 
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media since the Ni coating layer is too thin to cover the HCM surface and the pristine 
HCM is not an active microwave absorber.  Thick Ni coated Ni-HCMs (> 3 wt%) are 
not microwave active also since it can reflect microwave like bulk Ni metal. Thin 
layer Ni of about 0.2 micron thickness which corresponds to 0.5-0.7 wt% Ni was 
found to be the most suitable Ni coating for microwave heating. On these thin Ni-
coated HCM surfaces, Ni exists in sub-micron- powder form that can absorb and 
convert microwave energy into heat with more than 90 % efficiency.  Hence our 
microwave/Ni-HCM system can efficiently convert the microwave energy to 
decompose the hydrides that are loaded within the Ni-HCM channels.  
 
Our microwave/Ni-HCM method can reach high temperatures in a very short time 
period, so that MgH2 and other hydrides can release their hydrogen promptly. By 
applying 200 W microwave on the as-received hydrides (MgH2, NaAlH4 and NaBH4), 
our method was shown to release 100% of the hydrogen content within 2 minutes, 
as these hydrides have relatively low decomposition temperatures (< 500 ⁰C). Our 
method can release 100 % hydrogen from the metal hydrides such as LiH2 with high 
decomposition temperatures (> 700 ⁰C) within 3 minutes. Compared to conventional 
thermal heating method, this Ni-HCM/microwave method has higher energy 
efficiency and takes only 30 % of the energy that electrical resistive heating method 
needs for releasing the same amount of the hydrogen from hydrides. 
 
Compared to other methods to lower the hydride decomposition temperature and 
speed up the decomposition kinetics by ball-milling, metal doping, or/and using 
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catalysts, this microwave/Ni-HCM method is simple and universal, and can be 
applied to various kinds of hydrides.    
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Chapter 6:  The Study of Microwave Heating on Metals 
 
We have demonstrated in Chapter 5 that microwave could be an effective energy 
source to heat up hydrides rapidly.  It has been reported that metal hydrides, when 
mixed with some microwave active agents such as carbon and boron, can absorb 
microwaves more effectively [1]. Our earlier research work also showed that adding 
metal powder or/and Al pieces into metal hydrides could enhance the rate of 
hydrogen release from hydrides  [2].  
 
Nevertheless, mixing metal hydrides with microwave active agents may bring about 
some side-effects such as the lowering of overall system wt% H2 and difficulty in the 
separation of hydrides from the mixture. Therefore, in Chapter 5, we have proposed 
the use of Ni coated honeycomb monoliths (Ni-HCM) for microwave hydrides 
decomposition. Ni-HCM/microwave method has several advantages over 
conventional technologies. Contrary to the common sense that metals are not good 
materials in microwave heating, we showed that suitable thickness of Ni metal layer 
coated onto HCM can be used advantageously for hydrogen generation from 
hydrides. In the literature, there were many reports on microwave heating of metal 
powder. There has been no systematic study and satisfactory explanation, however, 
on how and why microwaves can heat up metals effectively, especially when the 
metals are in the form of powders and thin films. In this Chapter, we attempt to offer 
new insights to understand the microwave heating process. We begin with a 
discussion on the basic theory of microwaves, and its correlation with materials.  
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6.1. The Theory of Microwaves and Interactions with Materials 
Microwaves are electromagnetic (EM) waves with frequencies between 0.3 GHz and 
300 GHz, corresponding to wavelengths ranging from 1 meter to 1 mm. 
Electromagnetic induction was first discovered by Faraday in 1831. Maxwell 
developed and published his famous paper on electromagnetic theory in 1861.  
German scientist Hernrich Hertz and Indian physicist Jagadish Chandra Bose 
developed electromagnetic theories and techniques further.  From 1900 to 1930s, 
investigations on microwaves led to the development of basic radar concepts. The 
term microwave was first named by A.G. Clavier in 1931.  
 
Microwave technology was rapidly developed in World War II for radar detection; it 
was further expanded to numerous applications in addition to radar and 
communications.  Microwave technologies are among the most important 
components in our modern life such as microwave heating, radar detection, 
electronic warfare, power transmission, communication and navigation etc. Among 
these applications, microwave heating has been widely used for quick food heating 
in our kitchen; microwave based wireless communication (e.g. mobile phone) also 
penetrated in every aspect of our modern life style.  
 
6.1.1. Introduction to the Maxwell Equations and some Important Parameters 
Electromagnetic waves travel at the speed of light, comprising both the electric (E) 
and magnetic (H) fields. E and H fields oscillate together and move in a direction 
perpendicular to each other. The propagation of an EM wave is illustrated 
schematically in Figure 6.1.  
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Figure 6.1 – Schematic representation of an electromagnetic wave. 
(http://www.microwaves101.com) 
 
The EM theory was first presented by James Clerk Maxwell on 8th December 1864 to 
the Royal Society of London, and his famous paper on this topic was published in 
1861 [3]. Maxwell provided a mathematical framework for understanding the 
combined effects of electricity and magnetism, and formulated the theory into a set 
of equations now called the Maxwell Equations. The Maxwell’s EM theory forms the 
very foundations of modern day physics and quantum mechanics. Maxwell 
Equations are very complex, till now, even after around 150 years of Maxwell 
functions’ first debut, the EM waves cannot be explained easily and much more work 
is still required to explain the different phenomena on EM waves and their 
interaction with others.   
 
The original Maxwell equations have 20 equations and 20 variables, Oliver Heaviside 
simplified them into 4 equations. Table 6.1 shows the modern form of Maxwell’s 
equations, the auxiliary equations and the definitions of the symbols. By applying the 
boundary conditions to Maxwell’s equations, the analysis of the interaction of 
microwaves with materials can be performed. 
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Table 6.1 – Summary of equations and symbols used in electromagnetic theory [4]. 
 
The interaction of EM waves with materials is characterized by the materials’ 
complex permittivity ε* and permeability μ*. In microwave heating, commonly, the 
heating effect was attributed to the interaction of the electric field with the material, 
while the magnetic field is usually ignored. In most cases, heating is due to the 
electric field’s ability to polarize the charges in the material and the ability of the 
polarization to keep up with the rapidly changing electric field [5]. In the followings, 
Maxwell’s Equations Differential Form Integral Form 
I. Gauss’s law for electric 
field ∇. =     ∙   =   ∙     
II. Gauss’s law for 
magnetic field ∇. = 0   ∙   = 0 
III. Faraday’s law of 
induction ∇ ×  = −       ∙   = −     ∙      
IV. Ampere’s law ∇ ×  =  +        ∙   =   ∙    +        ∙      
 Auxiliary Equation  
Equation of continuity ∇ ∙  = −      
Ohm’s law   =     
Lorentz force law  =  ( +  ×  )  
Electric flux density  =    +  =      
Magnetic flux density  ≡    +    =      
Symbols Meaning Units 
E Electric field strength Volts/meter, V/m 
H Magnetic field strength Amperes/meter, A/m 
D Electric flux density or electric displacement Coulombs/meter
2, C/m2 
B Magnetic flux density Webers/meter2,  Wb/m2 
J Current density Amperes/meter2, A/m2 
P Electric polarization Coulombs/meter2, C/m2 
M Magnetization  Amperes/meter, A/m 
F Force  Newton, N 
Σ Dielectric conductivity Second coulomb2/kg∙m3 
Q Charge Coulombs, C 
Υ Velocity  Meters/second, m/s 
Ρ Charge density Coulombs/meter3, C/m3 
ε' Permittivity/Dielectric constant Farads/meter, F/m 
ε" Electric loss factor Farads/meter, F/m 
μ’ Magnetic permeability Henrys/meter, H/m 
μ" Magnetic loss factor Henrys/meter, H/m 
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some important parameters needed to characterize this interaction are discussed. 
 
(a) Permittivity 
Permittivity (ε) is a property that associates with how much electrical charge a 
material can store in a given volume; it describes the response of a dielectric 
material to an electric field. The permittivity in vacuum (free space) is denoted as ε0 
and its value is 8.85418782 x 10-12 F/m. No material has a permittivity lower than 
that of a vacuum. Materials are often referred to by their relative permittivity, 
denoted as εR. In microwaves, relative permittivity is also known as the "dielectric 
constant". The absolute permittivity of a material is calculated according to Equation 
6.1. 
ε = ε0∙εR     (6.1) 
The dielectric constant is not always a constant for a given material; it can change 
with microwave frequency, temperature and properties of the materials. Permittivity 
can be a function of direction as well.  A material in which the permittivity is not a 
function of direction is an isotropic material. Most materials are isotropic. A material 
in which the permittivity is a function of direction is anisotropic. An example of 
anisotropic materials is sapphire.  Sapphire has the same atomic composition as that 
of pure alumina (Al2O3). But pure alumina is amorphous and hence isotropic, while 
sapphire is crystalline and hence anisotropic.  
 
Complex permittivity, ε*, is used to describe the response of a dielectric exposed to 
sinusoidal fields and to account for the losses. ε* is a complex number and made up 
of two parts as in Equation 6.2. 
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ε* = ε – j∙ε’     (6.2) 
where ε’ is the dielectric loss factor. The permittivity ε represents the penetration 
of microwaves into the materials. The loss factor ε’ represents the ability of the 
material to store energy.  So the complex permittivity is a measure of the ability of 
a dielectric to absorb and store electrical potential energy. As shown in Equation 
6.3, the loss factor ε’ and the permittivity ε are related and the ratio ε’/ε is equal to 
the loss tangent (tan δ). This describes the efficiency of a material to convert 
absorbed energy into heat and is also used commonly to describe the dielectric 
response. The angle δ is the phase difference between the oscillation electric field 
and polarization of the materials. 
tan δ = ε’/ε     (6.3) 
For some materials such as dry air, tanδ is zero, which means no loss due to 
dielectric.  For distilled water the loss tangent at 25 ⁰C is 0.0155 (915 MHz) and 
0.154 (2.45 GHz)  respectively [4]. 
 
(b) Permeability 
Permeability (μ) is a property that is associated with how much a material responds 
to a magnetic field. Equation 6.4 gives the definition of permeability, where B is the 
flux density, and H is the magnetic field strength.  
 μ = B/H = μ0 x μR     (6.4) 
The permeability of vacuum (μ0) is a universal constant with a value of 4π x 10-7 H/m.  
μR is the relative permeability that is unit-less. Most materials have permeability very 
close to that of a vacuum. Ferromagnetic materials such as iron, chrome and nickel 
have large permeability values from a few tens to thousands H/m or more.    
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In an alternating magnetic field, complex permeability μ* is used to account for the 
losses [6]. The complex permeability is expressed by Equation 6.5.  
μ* = μ - j∙μ’     (6.5) 
where μ’ represents the magnetic loss factor due to the relaxation and resonance 
processes under the influence of an alternation magnetic field. Permeability controls 
skin depth (discussed in (d) below). The higher the relative permeability, the lesser 
an electromagnetic wave will penetrate into the material.  
 
(c) Eddy Current 
Eddy currents or Foucault currents are circulating currents within the body of a 
conductor induced by the changing/alternating magnetic field. These circulating 
eddy currents induce new magnetic fields that oppose the change of the original 
magnetic field due to Lenz's law, causing repulsive or drag forces between conductor 
and magnet. Like all electric currents, Eddy currents generate heat as well as 
electromagnetic forces. The heat can be harnessed for induction heating and is 
widely used in kitchen as induction heating stoves. Eddy currents also have 
undesirable effects, such as power loss in signal transformers.  
 
(d) Skin Depth 
When alternating EM waves impinge onto a conductor, charge carriers in the 
conductor, usually electrons, are accelerated by the electric field. The 
electromagnetic wave impinging on a conductor will therefore generate an Eddy 
current. The current density is found to be greatest at the conductor's surface, with a 
reduced magnitude deeper into the conductor. This decline in current density is 
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known as the skin effect. Over 98% of the current will flow within a layer 4 times the 
skin depth from the surface. This effect was first described by Horace Lamb in 1883 
for the case of spherical conductors, and was generalized to conductors of any shape 
by Oliver Heaviside in 1885.  
 
Skin depth or penetration depth (δ), is defined as the distance from the surface of a 
material, at which the magnitude of the field strength is reduced to 1/e (around 
0.368) of its original value at the surface [7]. Under an alternating magnetic field, the 
current density J of an alternating eddy current in a conductor decreases 
exponentially from its value at the surface JS according to the depth d from the 
surface, as in Equation 6.6.  
  =   ×    /      (6.6) 
 
For a conductor in microwave frequency range (0.3 GHz to 300 GHz), skin depth δ is 
strongly dependent on permeability. The higher the relative permeability, the less an 
electromagnetic wave will penetrate into the material.  This can be simplified and 
approximated as in Equation 6.7: 
 =      ∙      (6.7) 
where ρ is the resistivity of the conductor, f is the frequency of alternating current, 
and μ is absolute magnetic permeability of the conductor. Values of skin depth are 
around a few microns for a good conductor such as Al and Fe (2.45 GHz microwaves). 
However for materials with poor conductivity at sufficiently high frequencies (higher 
than 1/ρ∙ε), Equation 6.7 can be simplified and the skin depth approaches an 
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asymptotic value in Equation 6.8: 
  ≈ 2           (6.8) 
Skin depths for non-conductors range from few centimetres to meters [4].   
 
(e) Power Dissipation 
Microwaves are electromagnetic waves and their energy can be converted into heat 
by means of electric losses and magnetic losses.  The heating due to electric losses 
and magnetic losses can be treated separately and their average power dissipation 
can be expressed by Equations 6.9 - 6.11 [5].  
Average power due to electric losses only:     = 2  ∙   ∙     " ∙       (6.9) 
Average power due to magnetic losses only:  P  = 2πf ∙ μ ∙ μ   " ∙ H            (6.10) 
Overall average power:    =                +                     (6.11) 
where Erms and Hrms are the root mean squares of the electric and magnetic fields 
respectively.     "  is the effective relative dielectric loss factor and μ   "  is the effective 
relative magnetic loss factor. The dielectric loss factor has several components as 
given in Equation 6.12. The various components of losses will be further elaborated 
in Section 6.1.2.     " =               " +            "  =          " +            " +        " +             "  +            "            (6.12) 
 
6.1.2. Interactions of Microwave with Materials  
The E and H fields of microwaves may be reflected, transmitted or absorbed by 
materials. The interaction of microwaves with materials can be classified as follows 
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[8]:  
1) Transparent materials: These are low dielectric loss materials or insulating 
materials, such as glass, ceramic and sulphur.  Microwaves can pass through 
these materials easily with minimum attenuation. Microwaves are widely used 
in communication and long-range detection due to the transparent nature of 
air to microwaves. 
2) Opaque materials: Microwaves cannot pass through these materials but were 
mostly reflected or scattered. Typically, conducting materials with free 
electrons such as metals fall into this category. 
3) Absorbing materials: These are materials whose properties range from 
conductors (opaque materials) to insulators (transparent materials). They can 
convert microwave energy into heat depending on their dielectric loss abilities. 
Examples are most organic compounds and water. 
4) Magnetic materials: These are ferromagnetic materials that can interact with 
the H field of microwaves and become heated. Examples are Fe and Ni. 
Hysteresis losses are related to microwave magnetic losses for ferromagnetic 
materials [9]. 
 
Dielectric losses have been studied extensively and the most commonly accepted 
mechanism is the polarization mechanism. As stated in Equation 6.12, there are four 
kinds of polarization mechanisms: electronic, atomic (or ionic), dipole orientation (or 
dipolar alignment), and interfacial (or space charge) polarizations. In the presence of 
an oscillating E field, charged particles (polar molecules, electrons or ions) try to re-
orient themselves or be in phase with the changing field. The motion of these 
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particles, however, is restricted by forces such as inter-particle interaction and 
electrical resistance.  Such competitive forces thus generate random motion of the 
particles, giving rise to friction and heat. Depending on the type of polarization, the 
interactions between materials and microwaves may result in dielectric and/or 
magnetic losses to produce heat. 
 
Due to the complexity of electromagnetic waves and interactions, there is no one 
single theory that can easily explain the complex procedure of the interactions 
between microwaves and materials. Commonly, in materials with high conductivity 
such as bulk metals and metal powders, microwave heating is due to conduction 
losses. While in ferromagnetic materials, magnetic losses may arise due to magnetic 
hysteresis, eddy currents, domain wall and electron spin resonances. In the following 
paragraphs, we focus our discussions on the interactions of microwave with metals, 
which is the subject of this chapter. 
 
In general, metals are good conductors, and they reflect rather than absorb 
microwaves. It is well known that metal objects cannot be used in a microwave oven, 
or otherwise arc/spark will be induced. Indeed, metals are commonly used as 
microwave shield, reflector and transmitter due to their reflecting nature.  
 
The mechanism of microwaves interaction with bulk metals is quite clear. In bulk 
metals, alternating incident magnetic field of the microwaves produces eddy 
currents in the skin layer of the bulk metals. The alternating eddy currents, on the 
other hand, generate another magnetic field around the surface which is opposite to 
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the incident waves. This opposite or reflecting waves created become almost as 
strong as the incident one, thus the electromagnetic waves are “reflected” from the 
surface of the bulk metals [10].  
 
Contrary to what happened in bulk metals, metals in powder forms absorb 
microwaves and can be heated significantly with less arc/spark. Similar and 
enhanced microwave absorption happened when small volume percentages of 
metallic particles were added into a dielectric insulating material [11]. Walkiewicz 
and co-workers first investigated the effect of microwaves on selected minerals and 
compounds powders [12]. Their initial results showed that metal powders could be 
efficiently heated and temperature changes could reach as high as 768 ⁰C for Fe 
powder, and 690 ⁰C for W powder. The heating of various metal powders under 
1000 W microwaves in their experiments showed that vanadium metal had the 
fastest heating rate of 557 ⁰C/min; while Ni and Co was heated at rates of 384 
⁰C/min and 232 ⁰C /min respectively. Their results also showed that oxides and 
carbon had much higher heating abilities under microwaves, for examples 1283 ⁰C 
for carbon (1283 ⁰C/min) and 1258 ⁰C for Fe3O4 (457.5 ⁰C/min). Following this study, 
many reports on microwaves application on the sintering of metals appeared. In 
1990, Sheinberg and co-workers reported the sintering of compacted copper powder 
samples under 700 W 2.45 GHz microwaves [13]. In 1999, Roy and co-workers 
published their works in Nature [14] on the sintering of a wide range of metal 
powders by 2.45 GHz microwaves. Their sintered metals had superior physical and 
mechanical properties than those obtained via conventional thermal heating. 
Nowadays, microwave sintering of metal powders to make special metal alloys has 
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been widely studied and used in industrial applications.  
 
Explanations on the interaction of microwaves with metal powders were often 
inconsistent and not well clarified [4]. Although most of the physical and chemical 
properties of a certain metal in powder form are the same as their bulk counterparts, 
the behaviour of a bulk metal under microwaves is very different from that in its 
powder form.  Many results in the literature have shown that eddy currents or 
magnetic induction play an important role in the heating of high-conductivity 
materials [11, 14-17]. It was also reported that the size and morphology of metal 
powders were important in microwaves heating, but a clear correlation between 
powder size and morphology with microwaves has not been found. Researchers 
usually studied the effect of microwave E and H fields on powders separately [18-20]. 
It was shown that E and H fields could both contribute to the microwave heating of 
metal powers, while H field was found to be more effective than E field [18]. A few 
reports have also shown that the interaction of microwave H field with metal could 
be simulated and explained by Maxwell Equations with boundary conditions [21, 22]. 
But until now, there is still no clear explanation on why and how particle size and 
morphology could affect the microwaves absorption of metal powders, and there is 
still a lack of useful guide for the effective microwave heating of metals.  
 
In addition to metal powders, composite materials which were made from metals 
and epoxy or metal-coated materials were also investigated and reported. These 
studies were focused on the permittivity and magnetic permeability of the materials 
[23-28], but there has been no study on the relationship between 
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resistance/resistivity with microwave absorption ability so far.  
 
In this Chapter, we attempted to establish the correlation between materials 
resistance/resistivity and their microwaves absorption ability. Four different metals 
and one semiconductor material were tested under 2.45 GHz microwaves. We have 
found that microwaves absorption is negligibly small when the sample’s 
resistance/resistivity is less than 1 Ω or 1 Ω∙m.  Its absorption ability increases with 
the sample’s resistance/resistivity.  At around 107 Ω/107 Ω∙m, maximum microwave 
absorption could be observed and hence maximum microwave heating could be 
obtained. After that, heating ability drops quickly when resistance/resistivity further 
increases. These results indicate that the electrical resistance/resistivity of a sample 
could serve as a useful and straightforward judgement of its microwave absorption 
(or heating) ability. By using this correlation, one can explain easily why bulk metal 
and metal powders behave so differently under microwave heating and why 
microwave heating depends so significantly on the status of metal powder packing.  
Detailed analysis will be presented below. 
 
6.2. Experimental 
Five different types of samples were prepared and used for testing, including Ni-
HCMs, SiC monolith, Al-SiO2, Fe-Epoxy, and Ni-Epoxy discs. Ni-HCMs were made 
according to the method described in Section 5.1. Al-SiO2, Fe-Epoxy and Ni-Epoxy 
discs were prepared in various metal:SiO2 or metal:epoxy ratios in order to obtain 
discs with varying degrees of resistance. SiC monoliths with radius of 10 mm were 
obtained from Demark Company, CoMeTas.   
Chapter 6: The Study of Microwave Heating on Metals 
- 132 - 
 
Al-SiO2 disc was made from aluminium powder (Riedel-Dehaen, fine powder, > 93%) 
and SiO2 powder (Sigma-Aldrich, 0.5-10 micron, 99%). Al and SiO2 powders with 
various weight ratios were well mixed in a bottle, and compressed into discs on a 
Herzog® disc making device, which is used for making discs for XRF (X-Ray 
Fluorescence) analysis.  These Al-SiO2 discs were 20 mm in radius and around 2.5 
mm in thickness.  
 
Fe-Epoxy and Ni-Epoxy discs were made from the respective metal and epoxy. Fe 
powder (Aldrich, 325 mesh, 97%) was first manually mixed well with epoxy liquid 
(Araldite, 90 minutes standard), the sticky paste was then transferred into a 
homemade Teflon mould to make into discs.  The mould was put in a 60 ⁰C oven 
overnight to let the paste fully cured before de-mould. Different Fe-Epoxy discs were 
made by mixing Fe and epoxy of different ratios. Ni (Steam Chemicals, 300 meshes, 
99.9%) and epoxy discs were made by the same method as that of Fe-Epoxy discs. 
The two sides (top and bottom surfaces) of all cured Fe and Ni discs were sanded 
with sand papers until flat and smooth. All Fe-Epoxy and Ni-Epoxy discs had radius of 
20.5 mm and thickness around 2.5 mm. Photos of different discs are shown in Figure 
6.2.   
 
Figure 6.2 – Typical Al-SiO2, Fe-Epoxy and Ni-Epoxy discs prepared for testing. 
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The resistances of Ni-HCMs, SiC monolith and metal (Al, Fe and Ni) discs were 
measured by a Fluke® 289 multimeter. Each sample was put between two aluminum 
blocks (150 mm × 50 mm × 25 mm cuboids) with its two flat surfaces contacted well 
with the Al blocks. Maximum electrical resistance that can be measured by the 
multimeter is 500 MΩ (Mega Ohm). 
 
To measure the heating ability, samples were put in a microwave oven (Milestone® 
Microsynth Labstat) of microwave frequency 2.45 GHz. Temperature changes of the 
samples were measured by a build-in infra-red (IR) sensor inside the oven. 
 
6.3. Results and Discussions 
In order to measure the resistance of a metal powdered sample properly, the 
powder is mixed with microwave-inactive agents such as SiO2 [29] or epoxy [24] and 
the homogeneous mixture is made  into discs of fixed size and shape. The average 
distance between metal particles, and hence the resistance of the discs, could be 
adjusted by changing the ratio of metal powders to the inactive agent. By doing so, a 
series of discs with different resistances was made.  For Ni-HCMs, the resistance of 
the Ni coating layer could be changed by adjusting the weight % or thicknesses of Ni 
coating.  
 
It is better to use resistivity, rather than resistance, as the reference parameter for 
materials under microwave heating, since resistance changes with the size and shape 
of a sample, while resistivity remains the same. Among our samples, Ni-HCMs were 
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hollow and heterogeneous, and it was difficult to calculate its resistivity. Al-SiO2, Fe-
Epoxy and Ni-Epoxy discs were solid samples with homogeneous material 
distribution; their resistivities could be calculated according to Equation 6.13.   =        (6.13) 
where ρ is electrical resistivity, R electrical resistance, A is the cross-sectional area of 
the sample, and l is the length of the sample. In the systems we tested, A is the area 
of the round flat surface of the discs (see Figure 6.2). We discuss the observations 
and results of each kind of the samples in sequence below, before making a 
generalised conclusion in Section 6.3.5. 
 
6.3.1. Ni-HCMs 
Ni-HCMs can be heated up under microwaves irradiation very well as reported in 
Chapter 5.  It was found that weight percentages (wt%) of the Ni coating on HCMs 
could affect their microwaves heating ability. The measured Ni-HCMs’ resistances, 
temperature increase due to microwaves heating as well as the Ni wt%  are 
correlated as shown in Figures 6.3 and 6.4.  
 
It is clear from Figure 6.3 that resistance increases when wt% Ni decreases. There are 
three resistance ranges in which Ni-HCMs behave differently: (1) when the wt% Ni is 
larger than 1.6%, the resistance of Ni-HCM is less than 10 Ω and microwaves 
absorption is insignificant; (2) when the wt% Ni decreases from 1.6% to around 0.6 
wt%, the resistance increases sharply, up to ~107 Ω.  In the same range, microwaves 
absorption ability increases quickly and the highest temperature changes are 
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recorded; (3) when the wt% Ni decreases further the resistance increases till 
undetectable (> 500 MΩ), while microwaves absorption abilities decrease very 
quickly and become negligible.  
 
Figure 6.3 – Temperature changes of Ni-HCMs, as measured after applying 
microwaves at three different powers (100, 150 and 200 W respectively) for 25 
seconds, are strongly dependent on the weight percentage and resistance of Ni 
coating. 
 
Figure 6.4 – Temperature changes of Ni-HCMs, as measured after applying 
microwaves at three different powers (100, 150 and 200 W respectively) for 25 
seconds, are strongly dependent on the resistance of Ni coating. 
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The relationship between microwaves absorption abilities and the resistances of Ni-
HCMs is more clearly shown in Figure 6.4. Hence, Ni-HCMs can be heated by 
microwaves efficiently in the resistance range from a few hundred Ω to tens of 
millions Ω. The optimum resistance is around 107 to 108 Ω.   
 
The above observation shows that resistance of material play an important role in 
microwave heating. HCMs are made from Cordierite which is a silicate-based 
compound with low dielectric constant and cannot be heated in microwaves [30, 31].  
The increase in temperature when Ni-HCMs were irradiated under microwaves 
should be due to the Ni coating.  Results on HCMs indicate that the heating ability of 
Ni thin layers is strongly dependent on its resistance, the optimum resistance being 
107 - 108 Ω. Bulk materials with such huge resistance values are commonly classified 
as semiconductors or insulators. More experiments are needed to verify that our 
finding and conclusion derived from Ni-HCM can be applied to other metal thin film 
or powder systems.  
 
6.3.2. Al-SiO2 Mixture  
When Al is mixed with SiO2 to form an Al-SiO2 disc, the Al particles in the disc will be 
diluted by SiO2 particles and the resistance of the disc will change accordingly with 
the Al-SiO2 ratio. Table 6.2 lists the various Al-SiO2 discs prepared and their 
microwaves absorption abilities under 1000 W microwaves irradiation for 9 seconds. 
The resistivity of the discs was calculated according to Equation 6.13.  The largest 
SiO2/Al ratio tested was 2, as it was difficult to compress mixtures of ratio > 2 into 
discs.  
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Table 6.2 – Al-SiO2 discs and their temperature changes under irradiation of 1000 
W microwave for 9 seconds. 
Weight Resistance, Resistivity, Ω∙m Initial T, T aft 9s, ΔT, K 
SiO2, g Al, g 
0 8 2.000E-01 1.005E-01 25.0 25.0 0.0 
0.8 4 4.000E-01 2.011E-01 25.4 39.3 13.9 
1.6 4 5.000E-01 2.513E-01 24.9 42.3 17.4 
2 4 5.400E+00 2.714E+00 27.0 52.3 25.3 
3 4 1.180E+01 5.931E+00 26.5 91.2 64.7 
4 4 2.900E+04 1.458E+04 25.9 128.6 102.7 
5 4 1.900E+06 9.550E+05 27.0 149.5 122.5 
6 4 7.700E+06 3.870E+06 27.0 152.1 125.1 
8 4 5.267E+07 2.647E+07 27.0 52.1 25.1 
 
Al and SiO2 are only physically compressed together in these discs, thus we do not 
expect any chemical changes involved.  Table 6.2 shows that the discs exhibit higher 
resistance when more SiO2 is added to the mixture. Plotted as shown in Figure 6.5, 
the behaviour of Al-SiO2 system under microwave irradiation is quite similar to that 
of Ni-HCMs (Figure 6.4). The microwave absorption ability of the discs first increases 
with the resistivity until it reaches a maximum absorption at around 107 Ω or 107 
Ω∙m.  Further increase in resistivity results in a decrease of microwave absorption. 
SiO2 is a microwave transparent material and is an insulator, it could not be heated 
in microwaves [29]. Thus, changes of microwaves absorption abilities in these discs 
should be due to Al powders.  
 
A few sample discs of Ni-SiO2 and Fe-SiO2 mixtures were also successfully made and 
tested. The results obtained from these few discs were not enough to form a good 
data series, as it was impossible to prepare a series of such discs from Fe/Ni and SiO2 
powders. Nevertheless, a similar trend could still be observed that discs with higher 
resistance (< 107 Ω) were heated more quickly in microwaves.  
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Figure 6.5 - Temperature changes of Al-SiO2 discs, as measured after applying 1000 
W microwaves for 9 seconds, are strongly dependent on the resistivity of discs. 
 
6.3.3. Metal Powder and Epoxy Systems 
Next, epoxy was used to bind Fe or Ni powders to form a disc.  Slow curing epoxy 
was used so that enough time is allowed for homogeneous mixing and molding of 
the mixtures. For comparison, a pure epoxy disc without metal powders was made 
and tested. This controlled sample could not be heated after applying 1000 W 
microwaves for 10 seconds.  
 
(a) Fe-Epoxy System 
Table 6.3 lists a series of Fe-Epoxy discs and their temperature change under the 
irradiation of 200 W microwaves for 30 seconds. When the Fe to epoxy ratio was 
more than 28:3, it was very difficult to make Fe powders into paste because the 
mixture was too dry to mix, therefore the lowest resistance measured was around 
105 Ω. 
























Chapter 6: The Study of Microwave Heating on Metals 
- 139 - 
 
Table 6.3 – Fe-Epoxy discs and their temperature changes in 200 W microwaves for 
30 seconds. 
Weight 
Resistance, Ω Resistivity, Ω∙m 
Initial T, 
⁰C 
T aft. 30s, 
⁰C ΔT, K Epoxy Fe, g 
3 12 1.87E+08 9.85E+07 25.4 94.6 69.2 
3 13.5 1.03E+07 5.44E+06 22.9 131.6 108.7 
3 15 1.20E+06 6.34E+05 25.4 132.1 106.7 
3 16.5 9.02E+05 4.76E+05 23.4 121.8 98.4 
3 18 6.98E+05 3.69E+05 24.4 107.5 83.1 
3 19.5 6.13E+05 3.24E+05 25.4 104.4 79.0 
3 24 4.23E+05 2.23E+05 25.9 99.3 73.4 
3 28 9.67E+04 5.11E+04 25.4 96.7 71.3 
0 12 1.07E+00 5.65E-01 24.4 30.6 6.2 
 
Similar to the metal-SiO2 samples, the resistance of Fe-Epoxy discs increases when Fe 
ratio decreases. The microwave absorption ability increases first from a few Ω to 107 
Ω and reaches its peak at around 107 Ω; after that, the ability decreases when 
resistivity increases. The correlation of microwave absorption abilities and the 
resistivity of Fe-Epoxy discs is shown in Figure 6.6. Again, the microwave absorption 
of Fe-Epoxy discs is sensitive to the resistivity of Fe-Epoxy system and the behaviour 
matches well with the Ni-HCM and Al-SiO2 systems. Its maximum microwave 
absorption occurs at around 107 Ω or 107 Ω∙m as well.   
 
Figure 6.6 – Temperature changes of Fe-Epoxy discs, as measured after applying 
200 W microwaves for 30 seconds, are strongly dependent on the resistivity of disc. 
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(b) Ni-Epoxy System 
Similarly, Ni was mixed with epoxy at different ratios and made into discs for testing. 
When the Ni to epoxy ratio was more than 27:3, the mixture became very difficult to 
mix and therefore the lowest resistance was ~60 MΩ. Ni-Epoxy discs were tested 
under 200 W microwaves for 30 seconds and their data are listed in Table 6.4. 
Relationship between microwave absorption and resistivity was shown in Figure 6.7.  
 
Ni-Epoxy systems show similarly the importance of resistivity on the ability of 
microwave absorption.  Compared with other systems tested, there are more data 
points in the range of 107 to 108 Ω that clearly indicated that exceedingly high 
resistance/resistivity is undesirable.  
 





Ω∙m Initial T, ⁰C T aft. 30s, ⁰C ΔT, K Epoxy, g Ni, g 
3 6 3.93E+08 1.98E+08 24.4 45.4 21.0 
3 9 3.90E+08 1.96E+08 23.9 54.1 30.2 
3 12 3.82E+08 1.92E+08 24.9 75.7 50.8 
3 15 3.46E+08 1.74E+08 24.4 101.8 77.4 
3 18 3.00E+08 1.51E+08 25.4 132.1 106.7 
3 21 1.54E+08 7.76E+07 26.5 107.5 81.0 
3 24 1.24E+08 6.22E+07 25.9 107.6 81.7 
3 27 6.35E+07 3.19E+07 25.9 101.4 75.5 
0 12 1.80E-00 9.05E-01 25.4 29.5 4.1 
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Figure 6.7 - Temperature changes of Ni-Epoxy discs, as measured after applying 200 
W microwaves for 30 seconds, are strongly dependent on the resistivity of discs. 
Data in red oval was re-drawn in the inset with expanded X-axis. 
 
6.3.4. SiC Monolith 
All the samples/systems tested above are metal thin film or powders. In this section, 
semiconductor SiC was tested under microwaves to check the validity of our finding. 
SiC is a typical semiconductor and generally can be heated by microwaves [32]. 
Figure 6.8 shows three different commercially obtained SiC monolith samples and 
their resistances (200 Ω, 8 MΩ and 15 MΩ).  
 
Figure 6.8 – Various SiC monoliths obtained commercially (left: 15 MΩ; middle: 200 
Ω; right: 8 MΩ). 
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When these SiC monoliths were heated under the irradiation of 200 W microwaves, 
they spent different time periods to reach 100 ⁰C. The duration needed was 49, 31 
and 19 seconds respectively for the monoliths with resistance of 200 Ω, 8 MΩ and 15 
MΩ. Again, we observed that the monolith with higher resistance could absorb more 
microwaves and hence be heated up faster. This observation on a typical 
semiconductor matches well with our finding on metal thin films and powders.  
 
6.3.5. Correlation between Microwave Heating and Resistance/Resistivity  
The results on all five systems tested above unanimously suggested the importance 
of resistance/resistivity of a material on its microwave heating behaviour. Among the 
four metallic samples tested, we have found that the most efficient microwave 
heating occurs when the sample resistance is around 107 to 108 Ω.  The two other 
extremes, i.e. samples with resistance less than a few Ω, or samples with too high 
resistance (>107 to 108 Ω), are both not desirable for microwave heating.  
 
Most metals have resistivity around 10-7 Ω∙m, and materials with resistivity more 
than 107 Ω∙m are often classified as semiconductors or insulators. For examples, the 
resistivity of Ni is 7.12 × 10−8 Ω∙m, of Fe is 1.0 × 10−7 Ω∙m but of glass is 1012 to 1014 
Ω∙m. Resistivity, being independent of samples’ size and morphology, is a better 
reference than resistance. But resistance is much easier to measure, particularly 
when the subjects concerned have non-uniform shape. In our discussion below, we 
will thus use resistance to explain why bulk metal reflects microwaves while 
powdered metal absorbs microwaves.  
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Typically, bulk metals have resistance less than 0.1 Ω. For powdered metals, the 
electrical contact between individual metallic particles is expected to be poor, such 
that powdered metals would have much higher resistances than that of bulk metals. 
It has been widely accepted that the size and morphology of powders are important 
for their microwaves absorption, but the results reported in the literature have been 
confusing. For example, the same metal powder tested by different authors under 
similar conditions may have quite different results.  Although there have been many 
attempts to explain such phenomena, it is still unclear why metal powders have such 
random behaviours [4]. Here, we proposed to explain these controversies using the 
correlation between resistance and microwave absorption. Inside a metal powder, 
metal particles are connected with each other in a random manner. In addition, 
metal powders with different sizes and morphologies will have different inherent 
resistance. Thus, depending on the processing, sizes and morphologies, the same 
kind of metal particles may produce different resistance, and thus resulted in 
random microwave heating abilities.  
 
The correlation with materials’ resistance can also explain the following observations: 
(1) bulk metal cannot be heated by microwaves at room temperature but can be 
heated at high temperatures [14]. Metal‘s resistivity increases with temperature due 
to the random thermal movements of electrons. Hence good microwave heating of 
metal occurs at high temperatures. (2) Oxide ceramics are transparent to 
microwaves at room temperature, but can be heated at high temperatures [4].  Since 
ceramics are insulator (resistance >> 107Ω), their conductivity increases (resistivity 
decreases) when they are heated to high temperatures, in a range where good 
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microwave absorption can happen. Salt compounds have similar behaviour, probably 
because their ions can move freely at high temperatures and therefore resistance 
dropped. (3) Doping of metal atoms in a low-conducting material can increase their 
microwaves absorption ability [15]. By doping with metal, sample will have better 
conductivity and their resistance falls into a region for good microwave absorption 
and heating.  
 
It is worth pointing out that resistance measured in our tests is under direct current 
(DC), these are different from the operating resistance under microwaves irradiation. 
Due the skin effect, eddy currents induced by electromagnetic waves only occur at 
the surface of material. According to Equations 6.7 and 6.8, skin depth of conductors 
and non-conductors is related to resistivity, so that the operating resistance is 
related to resistance measured under DC. Due to skin effect, induced eddy currents 
are limited in a very narrow layer region, so that the operating resistance is much 
larger than that in DC for a conductor. For example, assuming a conductor such as a 
Ni block, its A is 10-4 m2 (0.01 m × 0.01 m square), its’ l is 0.1 m (Equation 6.14), 
permeability is 600 H/m and resistivity is 7.12 × 10-8 Ω∙m. Under DC, its resistance is 
7.12 × 10-5 Ω.  However, if it is under 2.45 GHz microwaves, its skin depth is only 0.11 
micron (Equation 6.7). The resistance of such a thin layer is 0.645 Ω, which is 
calculated based on Equation 6.13 and is 9090 times higher that of its resistance 
measured under DC. For semiconductors and insulators, their skin depths are from a 
few centimetres to a few hundred centimetres [4] according to Equation 6.8. For 
those discs tested in our experiments, if their resistivities were close to typical 
conductor, their operating resistance will be much larger than the measured 
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resistances. If their resistivity was close to typical non-conductor, their operating 
resistances will be close to measured resistances since their skin depths are much 
larger than their sizes.                                                                                                                                                                                                       
 
In our study, the discs with good microwave absorption behaviour had resistivity 
around 107 Ω∙m. These discs could thus be classified as semiconductor, and their 
heating mechanism could be approached from either direction: from insulator or 
from conductor. 
    
For insulators, permittivity (or loss tangent) has been used to explain microwave 
heating [4, 23-27]. Using the similar disc systems that we used, Ebara and co-workers 
measured permittivity of Fe ferrites with different volume ratios of Fe/air (i.e. 
volume percentage) under 5.0 GHz microwaves. Their results showed that the 
permittivity of ferrite/air system was dependent on Fe ferrite’s volume ratio.  
Although the real and imaginary parts of permittivity both increase when volume 
ratio increases, variation in the real part of permittivity is much faster than that of 
the imaginary part of permittivity. Hence loss tangent (Equation 6.3) will decrease 
when the volume ratio of ferrite powder increases. Since bigger loss tangent means 
better microwaves absorption, smaller ferrite volume ratio has better microwaves 
absorption ability. On the basis of our correlation, sample with smaller ferrite 
volume ratio has looser connections between the ferrite particles and thus has 
higher resistance/resistivity. Similarly, in our tests, SiO2 and epoxy were used to 
prepare discs with different volume ratios of metals. Good microwaves absorption 
was found from higher loss tangents of the discs with higher resistances/resistivities.   
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To understand the mechanism of microwave heating on our discs, another approach 
is to treat them as conductors. In a conductor, eddy currents are induced by 
magnetic field. Microwaves can be reflected by bulk metal, because induced 
alternating eddy currents generate another electromagnetic wave which is as strong 
as incident microwaves. Microwaves can easily induce arc or spark on bulk metals.  It 
is well known that electric arcs happen when high voltages or high currents are 
applied. Due to the low resistance of a bulk metal, eddy currents flow freely with 
minimum energy being consumed to overcome resistance. Therefore high intensity 
currents were generated and most of the microwaves energy was reflected.  Also 
due to high intensity current flow, arc is induced. For materials with high resistivity, 
the induced eddy currents spend much energy on overcoming resistance.  Therefore 
most energy is converted into heat and less energy is reflected.   
 
6.4. Conclusions  
Five systems of different materials, namely Ni-HCM, Al-SiO2, Ni-Epoxy, Fe-Epoxy, and 
SiC monolith, were tested for their microwave absorption abilities. The results 
indicated that resistance/resistivity is important parameter in understanding the 
microwaves heating of materials. Our results showed that the optimum microwave 
absorption behaviour occurs when the material’s resistance is high, around 107 Ω.  
Detailed analysis indicates that the increase in microwaves absorption ability of high-
resistance materials is either due to their increased loss tangent, or the induced eddy 
currents which spend much energy on overcoming the high resistance, resulting in 
efficient heating/high microwave absorption. 
Chapter 6: The Study of Microwave Heating on Metals 
- 147 - 
 
6.5. References 
[1] Nakamori Y, Matsuo M, Yamada K, Tsutaoka T, Orimo S. Effects of microwave 
irradiation on metal hydrides and complex hydrides. Journal of Alloys and 
Compounds 2007; 446: 698-702. 
[2] Luo JZ, Zhang HJ, Lin JY, inventors; Process for releasing hydrogen gas. US 
Patent 2010/0135899.A1. 2010 3 Jun. 
[3] Maxwell JC. On Physical Lines of Force. In The London, Edinburgh, and Dublin 
Philosophical Magazine and Journal of Science 1861; XXI: 161-75; 281-91; 338-
48. 
[4] Manoj G, Wong WL, Eugene. Microwaves and Metals. Singapore: John Wiley & 
Sons (Asia) Pte Ltd 2007. 
[5] Metaxas AC, Meredith RJ. Indusstrial Microwave Heating. London, UK: Peter 
Peregrinus Ltd 1983. 
[6] Ebara H, Inoue T, Hashimoto O. Measurement method of complex permittivity 
and permeability for a powdered material using a waveguide in microwave 
band. Science and Technology of Advanced Materials 2006; 7: 77-83. 
[7] Metaxas AC. Foundation and Electroheat: A Unified Approach: John Wiley & 
Sons, Ltd. Chichester 1996. 
[8] Schiffmann RF. Principles of industrial microwave and RF heating. In: Clark DE, 
Sutton WH, Lewis DA, eds. Microwave: theory ad applications in material 
processing IV, Ceramic Transactions Vol 80. Westerville, Ohio: The American 
Ceramic Society 1997:41-60. 
Chapter 6: The Study of Microwave Heating on Metals 
- 148 - 
 
[9] Schumacher F, Hempel KA, Salz W. Hysteresis of the microwave-absorption 
loss of multi-domain barium ferrite. Journal of Magnetism and Magnetic 
Materials 1991; 102: 314-8. 
[10] Buchelnikov VD, Louzguine-Luzgin DV, Anzulevich AP, Bychkov IV, Yoshikawa N, 
Sato M et al. Modeling of microwave heating of metallic powders. Physica B-
Condensed Matter 2008; 403: 4053-8. 
[11] Whittaker AG, Mingos DMP. Microwave-assisted solid-state reactions 
involving metal powders and gases. J Chem Soc, Dalton Trans 1993: 2541-3. 
[12] Walkiewicz JW, Kazonich G, Mcgill SL. Microwave heating characteristics of 
selected minerals and compounds. Miner Metall Proc 1988; 5: 39-42. 
[13] Sheinberg H, Meek TT, Kazonich G, Mcgill SL, inventors; Microwaving of 
normally opaque and semi-opaque substances. US patent 4942278. 1990 17, 
July 199o. 
[14] Roy R, Agarwal D, Chen JP, Gedevanishvili S. Full sintering of powdered-metal 
bodies in a microwave field. Nature 1999; 399: 668-70. 
[15] Whittaker AG, Mingos DMP. Microwave-assisted solid-state reactions 
involving metal powders. Journal of the Chemical Society-Dalton Transactions 
1995: 2073-9. 
[16] Luo JR, Hunyar C, Feher L, Link G, Thumm M, Pozzo P. Theory and experiments 
of electromagnetic loss mechanism for microwave heating of powdered 
metals. Applied Physics Letters 2004; 84: 5076-8. 
[17] Luo JR, Hunyar C, Feher L, Link G, Thumm M, Pozzo P. Potential advantages for 
millimeter-wave heating of powdered metals. International Journal of Infrared 
and Millimeter Waves 2004; 25: 1271-83. 
Chapter 6: The Study of Microwave Heating on Metals 
- 149 - 
 
[18] Cheng JP, Roy R, Agrawal D. Radically different effects on materials by 
separated microwave electric and magnetic fields. Materials Research 
Innovations 2002; 5: 170-7. 
[19] Veronesi P, Leonelli C, Bassoli E, Gatto A, L I. Microwave assisted sintering of 
SLS green metal parts.  Sintering 2003. Penn State University, Pennsylvania, 
USA 2003. 
[20] Sato M, Fukusima H, Ozeki F, Hayasi T, Saito Y, Takayama S. Experimental 
investigation of the mechnism of microwave heating in powder metals.  29th 
international conference on infrared and millimeter waves. Karlsruhe, 
Germany 2004. 
[21] Aoyama Y, Miyata K, Ohashi K. Simulations and experiments on eddy current 
in Nd-Fe-B magnet. Ieee Transactions on Magnetics 2005; 41: 3790-2. 
[22] Claycomb JR, Tralshawala N, Cho HM, Boyd M, Zou ZJ, Xu XW et al. Simulation 
and design of a superconducting eddy current probe for nondestructive 
testing. Review of Scientific Instruments 1998; 69: 499-506. 
[23] Brosseau C, Ben Youssef J, Talbot P, Konn AM. Electromagnetic and magnetic 
properties of multicomponent metal oxides heterostructures: Nanometer 
versus micrometer-sized particles. Journal of Applied Physics 2003; 93: 9243-
56. 
[24] Brosseau C, Talbot P. Effective magnetic permeability of Ni and Co micro- and 
nanoparticles embedded in a ZnO matrix. Journal of Applied Physics 2005; 97: 
104325. 
Chapter 6: The Study of Microwave Heating on Metals 
- 150 - 
 
[25] Brosseau C, Talbot P. Effective permittivity of nanocomposite powder 
compacts. Ieee Transactions on Dielectrics and Electrical Insulation 2004; 11: 
819-32. 
[26] Verma A, Saxena AK, Dube DC. Microwave permittivity and permeability of 
ferrite-polymer thick films. Journal of Magnetism and Magnetic Materials 
2003; 263: 228-34. 
[27] Huang JJ, Qin Y, Li JG, Jiang XD, Ma F. Microwave Permittivity, Permeability, 
and Absorption of Ni Nanoplatelet Composites. Journal of Nanoscience and 
Nanotechnology 2008; 8: 3967-72. 
[28] Iakubov IT, Lagarkov AN, Maklakov SA, Osipov AV, Petrov DA, Rozanov KN et al. 
Laminates of multi-layered Fe films for microwave applications. Journal of 
Magnetism and Magnetic Materials 2007; 316: E813-E5. 
[29] Zhang YD, Wang SH, Xiao DT, Budnick JI, Hines WA. Nanocomposite CO/SiO2 
soft magnetic materials. Ieee Transactions on Magnetics 2001; 37: 2275-7. 
[30] Terada M, Kawamura K, Kagomiya I, Kakimoto K, Ohsato H. Effect of Ni 
substitution on the microwave dielectric properties of cordierite. Journal of 
the European Ceramic Society 2007; 27: 3045-8. 
[31] Ohsato H, Terada M, Kagomiya I, Kawamura K, Kakimoto K-i. Sintering 
condition of cordierite for microwave/millimeterwave dielectrics. Sixteenth 
IEEE International Symposium on Applications of Ferroelectrics 2007: 503 - 5. 
[32] Gutmann B, Obermayer D, Reichart B, Prekodravac B, Irfan M, Kremsner JM et 
al. Sintered silicon carbide: A new ceramic vessel material for microwave 
chemistry in single-mode reactors. Chemistry-a European Journal 2010; 16: 
12182-94. 
Chapter 7: Microwave-assisted MgH2 Formation  
- 151 - 
 
Chapter 7: Microwave-assisted MgH2 Formation  
 
We have learnt from earlier chapters that metal hydrides are good hydrogen storage 
materials. But for the purpose of sustainability, it is necessary also for hydrogen 
charging (i.e. the hydride formation) to be performed reversibly. Metal hydrides are 
good materials for hydrogen storage [1-5]. They can be formed directly by reacting 
metals with hydrogen, e.g. Mg reacts with hydrogen at 287 ⁰C and 1 bar to give 
MgH2. MgH2 is a promising hydrogen storage material with high hydrogen content 
(7.6 wt%). Bulk Mg, however, reacts with gaseous hydrogen very slowly, which may 
take several hours [6]. This is partly because Mg surface is easily oxidized, and the 
oxide layer can be a huge barrier for hydrogen adsorption and penetration into the 
bulk [7-9]. Therefore, high temperatures and pressures are often used to improve 
the reaction kinetics. Other methods such as ball milling [10, 11] and doping have 
also been used.  
 
Microwaves can heat up materials efficiently, and we have demonstrated in Chapter 
5 that microwave can be applied successfully for the release of hydrogen from 
various hydrides using Ni-HCMs. On the other hand, microwave application on the 
formation of metal hydrides has not been reported before. One possible reason is 
the requirement of both high pressures and temperatures, together with microwave 
propagation, for the reaction. Special microwave reactor which can withstand high 
pressures and high temperatures is not readily available, due to the many 
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engineering and handling problems. Figure 7.1 shows a typical commercial 
pressurized microwave vessel and its assembly. 
     
Figure 7.1 - CEM® microwave vessel. liner (left), vessel assembling with brown 
colored composite sleeve (middle) and experimental unit (right). Vessel volumes 
are 10 ml and 35 ml repectively. (http://www.cem.com) 
 
Such commercial microwave vessels often have volume less than 100 ml, and their 
liner materials are made of glass or Teflon. These vessels can be sealed by applying 
pressures with plastic holders. Recently reported CEM vessels can work at 
temperatures up to 300 ⁰C or pressures up to 1500 psi [12], but it is often difficult for 
a vessel to work under both high temperature and pressure simultaneously. The 
highest operating temperature of such commercial vessels is by far not sufficient for 
hydride formation of metals.  
 
Mg is a promising hydrogen storage material, as it is cheap and abundant with high 
hydrogen content as hydride (MgH2). As stated in Chapter 2.5.2, the hydride of pure 
Mg is quite difficult to form and common method is to reduce the Mg particle size 
into nano scale or doping with other metal or salt. In this Chapter, a pressurized high 
temperature microwave reactor was designed and built. The device can be operated 
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to high temperatures (> 1000 ⁰C) and pressures (max 22 bar) simultaneously. Making 
use of Ni-HCMs as heat transfer medium, our tests showed that Ni-HCM could be 
heated to > 1400 ⁰C within one minute, while the whole system remained at 
ambient temperatures. Our study showed that the formation of Mg hydride can be 
achieved by microwave heating in this system but the de-stabilization of Mg prior to 
reaction is important.  
 
7.1 Design of a Home-built Pressurized Microwave Reactor  
There are a few major challenges in designing a high pressure and temperature 
microwave reactor. These are discussed in the following: 
1) To have a reactor operating under high pressures and temperatures 
simultaneously require many safety issues to be addressed.   
By taking advantage of Ni-HCMs, which can be heated very efficiently by 
microwaves, the demand for high temperatures of the pressurized microwave 
reactor is simplified. Since microwaves will heat up the Ni-HCMs only, the 
pressurized reactor can be operated under ambient temperature while only 
sample and sample holder are at high temperatures. Therefore, many problems 
related to materials operated at high temperature and pressure can be avoided.   
 
2) How to led microwaves into pressurized reactor while microwave generator is 
under ambient conditions.  
Metal blocks reflect microwaves and hence cannot be used to transfer 
microwaves [13]. Therefore, a microwave-transparent window is needed on the 
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metal reactor wall in order to let microwaves pass into the chamber.  This could 
result in leaking and other problems.  
Teflon was chosen as the window material to transfer microwaves into the 
reactor while withstanding high pressure difference. Teflon could also function as 
a sealing material because it is “soft”. Glass window was not a suitable material 
for this application since the glass block is easy to break down into pieces if crack 
occurs. Teflon, on the other hand, is a tough material and cracks (if any) within 
Teflon will not propagate quickly.   
 
3) Temperatures measurement inside the reactor.  
Commonly used thermocouple is not a good choice. The metal wires of 
thermocouple may cause sparks in microwaves, and conduct heat away quickly 
from the sample etc. [14]. This could be a serious problem in our device, since 
the sample amount and hence the heat capacity of our system is small. In 
addition, microwaves will induce an alternating current in the thermocouples, so 
temperature signal registered through the thermocouples will be interfered.  
We opted to use an infra-red (IR) temperature sensor in the design. IR sensor 
measures temperatures by contactless means, and will not interfere with the 
samples. Nevertheless, an IR transparent window is needed to allow the IR 
emissions to pass through the reactor with minimum loss. CaF2 glass is a good IR 
transparent material [15, 16]. One drawback of IR sensor is that it measures only 
the surface temperature of the objects.  
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Our pressurized microwave reactor design is schematically shown in Figure 7.2. 
During operation, microwaves pass through the Teflon blocks into the reactor 
chamber. Inside the chamber, the sample holder which is a microwave acceptor (e.g. 
Ni-HCM) takes up microwaves energy and transfers them to heat. The sample holder 
then heats up the samples within its channels to high temperatures. The chamber 
can be evacuated to vacuum or filled with gases to high pressures via the inlet/outlet 
gas pipelines. Pressure inside the chamber is monitored by a pressure gauge, and a 
pressure release valve for safety reason and for venting excess gas. Al was used to 
reduce the void volume inside the chamber. 
 
Figure 7.2 – Schematic diagram showing the pressurized microwave reactor design. 
 
The real device was made of stainless steel as shown in Figure 7.3. It is able to 
withstand 28 bar pressure, and maximum operation pressure was set to 22 bar. The 
IR sensor can measure temperatures ranging from 300 to 800 ⁰C.  A 2.45 GHz 
microwave source was used and its maximum microwave power output was 1200 W. 
Microwaves power output is adjustable.  
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Figure 7.3 – Photos of the pressurized microwave device. 
 
To test the operation of the device, A Ni-HCM was loaded into the reactor chamber 
filled with argon gas to prevent oxidation. After applying 500 W microwaves for 35 
sec, the measured temperature reached 800 ⁰C. The Ni-HCM was found to be partly 
melted after the testing (Figure 7.4). Cordierite melting point is known to be around 
1400 ⁰C. This suggested that some parts of Ni-HCM may have reached a temperature 
around 1400 ⁰C; which is above the range of IR sensor (800 ⁰C vs. 1400 ⁰C). On a 
similar test in air, the maximum temperature of Ni-HCM reached 540 ⁰C only, but the 
Ni-HCM cannot be re-used again because the Ni layer was oxidized 
 
Figure 7.4 – Part of a Ni-HCM melted after it was heated under 500 W 2.45 GHz 
microwaves for 35 second inside the reactor. 
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7.2 Experimental  
Ni-HCMs were coated with around 0.6 wt% Ni as reported in Chapter 5. As-received 
Mg powder (Strem Chemicals, 99%, 50 mesh) was loaded into the channels of Ni-
HCM inside a home-made quartz tube (Figure 7.5). The inner diameter of the quartz 
tube was ~ 41 mm and its height was ~ 70 mm. The ceramic disk was used to prevent 
Ni-HCM from direct contact with the quartz tube, as otherwise the high temperature 
of Ni-HCM may crack or melt the quartz tube easily. The quartz cover is to prevent 
convection heat loss during operation, so that a more homogeneous temperature 
distribution could be reached.  
 
Figure 7.5 – Home-made sample holder. 1: Quartz cover, 2: Metal powder, 3: Ni-
HCM, 4: Ceramic disk, 5: Quartz tube. 
 
The assemble as shown in Figure 7.5, together with the metal samples inside the 
channels of Ni-HCM,  was put into the microwave reactor.  After the reactor was 
closed and sealed, it was vacuumed and purged by inert gas or hydrogen for a couple 
of times. Finally, pure hydrogen at a certain pressure was leaked in. Microwaves 
were applied to heat the sample to certain temperature and maintain at that 
temperature for a desired time period (e.g. 7 min). After the test, the sample was let 
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to cool down for around 20 minutes. Following that, hydrogen gas was safely vented 
and replace by Ar or N2.  Finally, the reactor was opened and the sample holder 
could be taken out.  
 
The crystalline structures of samples were analysed by powder x-ray diffraction (XRD) 
on Bruker AXS D8, using Cu-Kα1 (λ = 1.8406 Å) radiation.  Samples were exposed in air 
during analysis. The morphology of solid samples was examined on Jeol JSM-6700F 
scanning electron microscope (SEM).   
 
7.3 Results and Discussion 
7.3.1 Hydride Formation from As-received Mg Particles 
In the first trial, the as-received Mg powder sample (~ 270 micron particle size) was 
heated up till 650 ⁰C, and maintained at this temperature for 5 minutes under 20 bar 
hydrogen. During the experiment, the quartz reactor cover (see Figure 7.5) was not 
used hence the Mg vapour generated in the Ni-HCM channels could move upward. 
After the experiment, a fluffy material was found at the flat surface of the Al blocks 
(Figure 7.2) which were around 30 cm away from the Ni-HCM. XRD analysis 
confirmed that this fluffy material contained Mg, MgO and insignificant amount of 
MgH2 (Figure 7.6). This suggested that some Mg powder inside the Ni-HCM channels 
might have evaporated, and Mg vapour was condensed onto the Al block surface. 
The melting and boiling points for Mg were known to be 650 ⁰C and 1091 ⁰C at one 
bar respectively. 
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It has been proposed that hydrogen atom could occupy the interstitial sites of metals 
[17, 18] and thus penetrate into metals. Although Mg hydriding is known to occur at 
287 ⁰C under 1 bar H2 condition, the equilibrium reaction temperature increases 
with increasing pressure according to the pressure-composition-temperature plot 
[19]. Shao et al have experimentally shown that the hydrogen absorption (i.e. Mg 
hydriding) plateau pressure is 24 bar at 400 ⁰C, 14 bar at 375 ⁰C and 8.8 bar at 350 ⁰C 
respectively [20]. Hence, in the followings, we attempted to perform the 
experiments at lower temperatures. Unfortunately, the IR sensor attached to our 
microwave reactor could only detect temperatures higher than 300 ⁰C, so 
temperatures less than 300 ⁰C were not studied. 
 
 
We tested the Mg hydride formation at four different temperatures: 310 ± 10 ⁰C, 
350 ± 10 ⁰C, 390 ± 15 ⁰C and 430 ± 20 ⁰C. Each time, 1.0 g of the as-received Mg 
powder was tested under 20 bar H2 and 400 W microwaves. For each set 
temperature, the sample temperature was maintained for 7 minutes. In Figure 7.6, 
the XRD profiles of the resultant samples were presented.  
 
Similar to the first trial, XRD analysis suggested insignificant amount of MgH2 was 
formed in all 4 samples. The MgH2 peak intensity is the lowest for sample heated at 
430 ⁰C. Diffraction patterns due to MgO, on the other hand, are obvious and the 
peak intensities are increasing with temperature. It is known that Mg reacts with 
oxygen only on the surface, because the formation of a layer of MgO on the surface 
will prevent Mg from further reaction. It was reported that the MgO surface layer is 
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only 3 - 4 nm [21] and is not detectable by XRD. Thus, the strong MgO peaks in our 
samples should signify MgO more than just a surface layer. In addition, the XRD 
peaks of MgO in all samples are quite broad, indicating that the particle size of MgO 
could be small.  
 
 
Figure 7.6 - XRD analysis of the resultant products after heating the as-received Mg 
particles at 5 different temperatures. (Samples were heated under 400 W 
microwaves at 20 bar for 7 min except the sample at 650 ⁰C that was heated for 5 
min). 
 
There are two possibilities for MgO formation in our experiments.  Firstly, Mg may 
have reacted with oxygen and water vapour present as impurities in the system, 
forming MgO. But report showed that, even after 1000 cycles of 
hydrogenation/dehydrogenation of Mg samples, the MgO peaks were still not 
significant at such conditions [22]. Secondly, treated Mg might react with air when 
the sample was removed from the chamber for ex-situ XRD analysis. Although Mg 
usually does not react with O2 in air, it may become more reactive after the 
microwave treatment in this case. Moreover, the as-received Mg particles might be 
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subjected to deformation under microwave heating to become smaller in size and 
unstable. Results in Figure 7.6 confirmed that the higher the temperature, the more 
MgO was produced.  In the next section, we thus attempted to heat and anneal the 
as-received samples inside the chamber. 
 
7.3.2  Hydride Formation from Annealed Mg Particles 
First, the as-received Mg was heated to 550 ⁰C quickly through Ni-HCM inside the 
reactor with 20 bar hydrogen applied, and the temperature was maintained for 
around 2 minutes. After that, microwaves were turned off and the temperature was 
allowed to drop by itself. Since microwaves only heat up the Ni-HCM, the other parts 
of the system remained cool and the sample inside Ni-HCM channels were annealed 
quickly once microwave is turned off. Temperature lower than 650 ⁰C was used in 
this step so that Mg would not be evaporated.  After the quick annealing, ash-like 
powders were obtained as shown by the SEM images in Figure 7.7.  
 
 
Figure 7.7 - SEM image showing the ash-like Mg sample after the quick annealing 
step. 
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As discussed in the previous section, heating of the as-received Mg powders to high 
temperatures could convert it into unstable Mg.  It is clear that the Mg particles have 
become porous and smaller in size. The XRD pattern of the ash-like Mg is shown in 
Figure 7.8. It is noted that the diffractions of both MgO and MgH2 became relatively 
much more significant than that in Figure 7.6. This result suggested that some 
unstable Mg was formed by the annealing process. At the same time, the peak width 
at half maximum of Mg peaks also became broader (from 0.2 degree to 0.4 degree), 
suggesting that Mg particles may have become smaller in size.  
 
 
Figure 7.8 – XRD profile of the annealed Mg sample. 
 
It is important to highlight that the high intensity MgO peaks in Figure 7.8 were only 
observable on samples that were removed from the chamber for XRD analysis after 
the quick annealing. If the sample after one cycle of annealing was heated in situ 
again to 320 ⁰C at 20 bar H2 for 15 min, XRD analysis indicated very strong MgH2 and 
low MgO peaks (Figure 7.9). Hence we can conclude that the fast annealing step has 
induced the formation of some unstable Mg particles such that hydride formation 
was enhanced. Since MgO is basically an irreducible oxide [23], it is very unlikely that 



















Chapter 7: Microwave-assisted MgH2 Formation  
- 163 - 
 
MgO formed among the ash-like sample will be reduced into Mg in the subsequent 
charging procedure. Hence, MgO formation is likely to be mainly from reaction with 
oxygen in the air when the activated samples were taken out of the reactor.  
 
Figure 7.9 - XRD profile on the annealed sample after heating in situ again inside 
the reactor. 
 
It is well-known that ball-milling process can make materials into smaller sizes and 
de-stabilise the crystal structure [11, 24]. Similarly, the quick annealing step we 
performed above could achieve the same effect.  While the ball-milling method 
usually takes hours to make materials into nano-sized, our method can produce 
similar results in minutes and therefore much time and energy could be saved. Since 
there are always traces of oxygen and moisture in the system, repeated 
charging/discharging cycle will render the formation of MgO layer and deteriorate 
the performance of hydrogen storage [22]. It seems that our annealing step has the 
potential to solve some of these problems.   
 
Typical SEM images of the resultant sample are shown in Figure 7.10. Interestingly, 
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there are many well-shaped hexagonal crystals detected. It is known that the crystal 
structure of MgH2 is tetragonal [25] while that of Mg is hexagonal [26, 27].  We 
suspect that the crystals observed in Figure 7.10 were Mg crystals. Crystal formation 
is quite unexpected in view of the low reaction temperature (320 ⁰C) as compare to 
the melting temperature of Mg (650 ⁰C). Thus, we believe temperature inside the Ni-
HCM is much higher than the set temperature (350 ⁰C), such that some Mg particles 
have melted and re-crystalized when cooling down. 
 
  
Figure 7.10 - SEM images of the annealed sample after heating in situ again inside 
the reactor. 
 
Due to the formation of Mg crystals, which are much more stable than common Mg 
powders, complete reaction of the ash-like Mg is not possible.  
 
7.4 Conclusions  
Commercial Mg powders were tested for hydrogen charging with the aid of 
microwaves heating inside Ni-HCM under high pressure in a home-built pressurized 
microwave reactor. To the best of our knowledge, this is the first report on metal 
hydride formation using microwaves. It was found that at 300 - 440 ⁰C and 20 bar, 
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commercial Mg powders could be transformed to hydride only to a limited extent.  
On the other hand, we have found that a quick heating and annealing cycle using 
microwave could de-stabilize Mg sample and reduce the particle size.  Thus, the as-
received Mg was quickly heated to 550 ⁰C and annealed for short while to give ash-
like unstable Mg. More Mg could then be converted into MgH2 at 20 bar hydrogen 
and 320 ⁰C. Due to the limitation and difficulty in high pressure and accurate 
temperature measurement, full hydrogen charging of Mg powders is still very 
difficult to achieve and further research is needed.  
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Chapter 8: Overall Conclusion and Future Work 
 
In this thesis, several new methods, materials and devices have been developed for 
the efficient release of hydrogen from various hydrides. Works done in the thesis 
relied on knowledge from multiple disciplines beyond materials chemistry and 
sciences, included device design and engineering, electromagnetic theory, fuel cells 
and others.   
 
Firstly, a simple NaBH4/H3BO3 hydrolysis system was developed. This system gave a 
practical hydrogen content of more than 5.23 wt% H2, which is much higher than 
that of conventional NaBH4 aqueous catalyst system (2.9 wt% H2).  A simple portable 
hydrogen generator prototype was design, built and demonstrated to the public. 
This generator had more than 2 times of energy density than that of generators 
based on NaBH4 aqueous system.  
 
Secondly, solid reactions between MAlH4 (M = Li or Na) and NH4Cl were investigated, 
and were found to release more than 5.6% wt% H2 at low temperature. Nano-sized 
AlN were formed when the mixture was heated to more than 1000 ⁰C. Compared 
with thermal decomposing of MAlH4, the systems release more H2 under low 
temperature and are safer and cheaper.  
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As the third conclusion of the thesis, a microwave composite material, Ni thin layer 
on honeycomb ceramic monoliths (Ni-HCM), was developed. We have found that the 
Ni thin layer coated should be within a very narrow range from 0.5 to 0.7 wt% to 
enable efficiently microwave heating. Ni-HCMs can be heated at a superfast rate of 
around 4200 ⁰C/min and can convert more than 90% of microwave energy into heat. 
We have successfully applied Ni-HCMs to decomposing hydrides under microwaves. 
Several types of hydrides could fully release their hydrogen content in minutes 
regardless of their high decomposition temperatures. Through our investigation, we 
found that there exists a simple correlation between material resistance/resistivity 
with the efficiency of microwaves heating.  
 
Lastly, we demonstrated that there are also potentials to enable hydrogen charging 
onto metals using microwave. In order to do this, a high temperature pressurized 
microwave reactor was designed and custom-built. By using Ni-HCM as the 
microwave energy acceptor, Mg samples loaded into the Ni-HCM channels can be 
heated to high temperature while the reactor system remains at ambient 
temperature. While the hydride formation from as-received Mg particles was not 
successful, a quick heating-annealing cycle enables the particles to become unstable 
and smaller in size, and hydride formation was enhanced successfully. Unfortunately, 
accurate temperature measurement inside the microwave reactor is difficult; 
therefore a complete transformation to hydride was not achieved. 
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Further works could be done on these areas: (1) To further improve the NaBH4 
hydrolysis system’s practical wt% H2 by utilizing the reaction heat generated. This 
requires better engineering approaches and better design of the hydrogen generator. 
(2) To utilize the pressurized microwave reactor for other chemical synthesize and 
treatment, alloy sintering and metallurgy etc. The potentials of this reactor in the 
testing of gas/liquid manipulations can be explored. (3) To further carry out research 
on microwave-assisted hydrogenation/dehydrogenation of other complex hydrides 
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